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Lipid oxidation is a primary mechanism that causes a decrease in meat quality. Abundant 
research has been done on the eating and keeping quality attributes of beef as affected by 
rigor temperature, but limited work has been done on monitoring the changes of unsaturated 
fatty acids during rigor attainment, ageing and display time due to oxidation and overall lipid 
oxidative stability. This study uses a novel technique of 
1
H NMR to monitor lipid oxidation 
and analyse CLA (Conjugated Linoleic Acid) and cholesterol oxidative stability. These 
techniques, with further investigation and research, may have commercial application in 
monitoring beef lipid quality deterioration. 
The objective of this research was to study the effects of rigor temperature, ageing and 
display time on meat quality and lipid oxidative stability of hot boned beef semimembranosus 
muscle. The manipulation of muscles’ rigor temperature has been largely restricted to 
longissimus et lumborum due to its commercial importance compared to the other 
metabolically different muscles. 
Six topsides (semimembranosus, SM) were removed from 6 carcasses within 45 min post-
mortem following electrical stimulation of the carcasses under commercial processing 
conditions. The SM muscles had an average weight of 27.5 ± 4.1 kg. Muscles from the right 
and left topsides of each animal were divided into 2 samples resulting in 4 samples obtained 
from each animal. To ensure equal distribution over the 4 treatments, samples were 
randomised. The samples were packed into labelled plastic bags and transferred into 5°C, 
15°C, 20°C or 25°C incubators until attainment of rigor mortis. Following rigor attainment 
each sample was cut into 4 pieces, weighed, vacuumed packed, randomly assigned to 4 
different storage times (3, 7, 14 and 21 days) and stored at 4°C until the desired ageing time 
was reached. Samples were displayed for 7 days under light and aerobic conditions at 4
°
C.  
As rigor temperature increased, the attainment of rigor mortis was hastened and the ultimate 
pH reduced (5.69 for 5°C and 5.50 for 25°C). Ageing the meat (from day 3 to 14) increased 
the pH. This is likely due to increased proteolysis of muscle proteins leading to increased free 
amino acids and dipeptides (p < 0.01). Electrical conductivity increased as the rigor 
temperature increased (p < 0.001). Tenderness, one of the most important meat quality 
attributes, was not affected by rigor temperature (p = 0.24). Although rigor temperature had 
no statistically significant effect on tenderness, the 15°C treated samples were determined to 
be the most tender of all treatments. Ageing meat had a positive impact on meat tenderness (p 
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< 0.01). Tenderness increased with ageing time due to myofibrillar protein degradation by 
endogenous proteases. Mean shear force decreased by an average of 25 N from day 3 to day 
21 ageing time. 
Colour was affected by rigor temperature; lightness (L*) increased with a rise in rigor 
temperature (p = 0.012). Ageing also increased the L* values (p < 0.01); this was attributed to 
protein structure modification that enabled higher reflection of light due to reduced water 
holding capacity. Display time had a negative effect on L* values (p < 0.01). Redness (a*) 
increased with rigor temperature (p = 0.027). Ageing and display time, however had a 
negative impact on a* values caused by increased metmyoglobin accumulation with time. 
Yellowness (b*), was not affected by rigor temperature. Yellowness decreased with both 
ageing and display time (p < 0.01).  
Thiobarbituric acid reactive substances (TBARS values), which measure the formation of 
secondary lipid oxidation products, were not affected by rigor temperature (p > 0.05). 
TBARS increased with ageing and display time (p < 0.01). Over the ageing period, 
endogenous antioxidants were depleted and over the display period, the aerobic conditions 
cause production of secondary oxidation products accounting for this increase. 
Changes in aliphatic to diallylmethylene proton ratio (Rad), aliphatic to olefinic proton ratio 
(Rao) and olefinic proton moles allow the monitoring of lipid oxidation by 
1
H NMR. Rigor 
temperature did not have an effect on Rad, Rao and olefinic proton moles (p > 0.05). Rad ratios 
increased with ageing time, and further increased with display time (p < 0.05). The increase 
in Rao was not as rapid and sensitive to change as Rad because the olefinic proton signals 
emanate from monounsaturated fatty acids (MUFAs) which are not as readily oxidised as the 
diallylmethylene proton from polyunsaturated fatty acids (PUFAs) used in the Rad. The 
olefinic proton moles declined with display time (p < 0.05). The small change in number of 
olefinic proton moles illustrated the low loss/oxidation of monounsaturated fatty acids 
(MUFAs) during the treatments. The polyunsaturated fatty acid (PUFA) content determined 
by GC–FID showed a decline with ageing and display time, supporting the oxidation 
observed by Rad and Rao. 
The rapid technique of absolute quantitation by 
1
H NMR was used for CLA analysis and the 
correlation determined with GC-FID analysis of FAMEs (R
2
=0.9682). The beef SM samples 
had a CLA content ranging from 2.1 to 4.3 mg/g lipid. CLA oxidative stability was not 
affected by rigor temperature, ageing and display time (p > 0.05) showing high stability and 
low susceptibility to oxidation. 
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The beef samples contained high cholesterol levels ranging between 60-90 mg/100g of 
muscle compared to other previous studies on beef. Rigor temperature had no effect on 
cholesterol oxidative stability; however, stability did decline with ageing time. Cholesterol 
concentration declined significantly with display time (p < 0.01). 7α &β-Hydroxycholesterol 
(7α-β-HC) and 7-ketocholesterol (7-KC) were the cholesterol oxidation products (COPs) that 
were positively identified. Rigor temperature did not have an effect on their production (p > 
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Beef is one of the major sources of high quality protein in diets worldwide. It is also an 
excellent source of important minerals like iron, phosphorous, zinc, and selenium (Biesalski, 
2005). Beef is another integral source of naturally occurring conjugated linoleic acid (CLA). 
CLAs are fatty acids reputed for having therapeutic properties on carcinogenesis (Ha et al., 
1987), platelet aggregation (Truitt et al., 1999) and body fat deposition (Park et al., 1997). On 
top of the health benefits, the beef production industry has been a cornerstone of the New 
Zealand economy generating up to NZ$2.5billion in export receipts and the local market 
consuming up to 120,000 tonnes annually (Morris, 2013).  
As a means of increasing the processing and energy efficiencies, the technique of hot boning 
beef has risen over the years; forty-percent (approximately 248,600 tonnes) of New Zealand’s 
beef is hot boned (NZMPB, 2011). This method involves deboning a beef carcass within 45 
minutes of slaughter (Farouk & Swan, 1998b). Hot boning enables a reduction in production 
costs due to lower labour requirements, reduced chiller space requirements and increased 
product turnover (Powell et al., 1982). Although the hot boning process brings a lot of 
positive benefits, the major drawback is its detrimental impact on one of the most important 
meat quality attributes, tenderness. The muscle, during hot boning is removed from carcass at 
pre-rigor state allowing more contraction to occur in the muscle fibres thereby increasing 
meat toughness. Intervention techniques like electrical stimulation have been applied to 
reduce meat toughness. Electrical stimulation accelerates the muscle pH decline (to pH < 6.2) 
which is critical in cold shortening (shrinking of muscle sarcomeres) thereby allowing the 
meat to reach low temperatures early post-mortem without negatively affecting the 
tenderness (Smulders et al., 1986). Another significant intervention technique is rigor 
temperature manipulation. At intermediate rigor temperature the rate of pH decline increases 
thereby hastening the glycolysis process in muscle. The temperature at which meat muscle 
enters rigor mortis has a significant impact on the quality of the meat produced (Hertzman et 
al., 1993). Several studies have highlighted that rigor temperature between 15-18°C is 
optimum for maximising meat tenderness without compromising other meat quality attributes 
like water holding capacity and colour (Geesink et al., 2000). Beef carcasses that enter rigor 
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mortis at 15°C with electrical stimulation had minimal muscle contraction compared with 
relatively higher temperatures (> 35°C) experiencing heat shortening (Simmons et al., 2008). 
Most of the reported studies were focused on beef longissimus et lumborum muscle as it is 
the most important commercial muscle and little attention has been given to other muscles 
with different metabolic profiles. The first part of the present study aims to fill this gap by 
investigating the effect of rigor temperature on the eating and keeping qualities of hot boned 
beef semimembranosus muscle at varying ageing and display times. 
Although there has been considerable research on the effect of rigor temperature on meat 
quality attributes, its effect on lipid oxidative stability has been limited. Lipid oxidation is a 
major cause of quality deterioration in stored beef and its products. Beef contains 
polyunsaturated fatty acids (PUFA) and they are susceptible to oxidation. The oxidation of 
PUFA produces hydroperoxides, aldehydes, and ketones that give off flavours that generate 
negative sensory attributes and reduced acceptance of meat by the consumers. Information on 
lipid oxidative stability of beef lipid is important to manufacturers as they influence the 
processing and handling methods to reduce quality deterioration. Detection and monitoring of 
lipid oxidation can be carried out by Nuclear Magnetic Resonance (NMR) spectroscopy 
methods. The use of NMR spectroscopy in analysing and monitoring lipid oxidation is 
gaining considerable popularity due to the rapid and non-destructive methodology in 
comparison to traditional methods such as peroxide value, TOTOX and TBARS values 
(Guillén & Ruiz, 2006; Shahidi & Wanasundara, 2002). The second objective of the present 
study was to analyse the effect of rigor temperature, ageing and display time on lipid 
oxidative stability of hot boned beef (semimembranosus muscle). 
The mechanism of cholesterol oxidation is similar to PUFA oxidation in beef. The products 
of cholesterol oxidation have been reported to produce a variety of adverse biological effects 
like cytotoxicity and atherogenesis (Kubow, 1993). Several studies have documented 
cholesterol oxidation in beef but the impact of rigor temperature is rarely reported. The third 
objective of the present study aimed to analyse the effect of rigor temperature, ageing and 
display time on cholesterol oxidative stability of hot boned beef (semimembranosus muscle).  
The final objective for this research project was to analyse the oxidative stability of 
conjugated linoleic acid (CLA) when exposed to differing rigor temperatures, ageing and 






2 Literature Review 
2.1 Hot boning and electrical stimulation of meat 
Hot boning or processing is defined as the removal of the muscle from the carcass when the 
deep-tissue temperature is still above 20°C and within 45 minutes of slaughter before rigor 
mortis sets in (Farouk & Swan, 1998b). This concept was initially considered in the early 
1970’s as it offers several advantages compared to cold-boning (Boles & Swan, 1996; 
Cuthbertson & Lawrie, 1980). Hot boning reduces the chilling space and labour costs as well 
as generating a higher yield compared to the conventional cold boning process (Pisula & 
Tyburcy, 1996). Part of the improvement in yield is due to the elimination or reduction in the 
weight loss that typically happens during chilling. Functional properties of meat, such as 
water holding capacity (WHC) and the sensory aspects of meat, e.g. flavour and juiciness, are 
also improved due to the higher moisture retention in comparison to conventional cold 
boning (Kastner et al., 1973). The main disadvantage of hot boned meat is its reduced 
tenderness (Pisula & Tyburcy, 1996). The muscle is removed from the carcass at pre-rigor 
state allowing more contraction to occur in the muscle fibres compared to conventionally 
chilled muscle, which is still attached to the bone, restricting myofibril contraction (White et 
al., 2006).  
Electrical stimulation (ES) is often used with the hot boning technique (Pisula & Tyburcy, 
1996) as a means to reduce the high muscle contraction that produces meat toughness. ES is 
the application of voltage on meat carcasses soon after exsanguination (Kastner et al., 1993) 
to accelerate muscle glycolysis and prevent the potential cold-shortening of meat during 
chilling. ES is now a standard procedure used in the meat industry worldwide, which is used 
with both hot and cold boning techniques (Berry et al., 1999). This treatment was introduced 
into the meat industry as a means to curb excessive toughness of meat due to fast chilling of 
carcasses (Gilbert et al., 1977). The application of voltage that is 100 V or lower is called 
low-voltage ES (LVES) and treatments with 100 V or greater are known as high-voltage ES 




2.1.1 Effects of hot boning and electrical stimulation on meat quality 
Meat quality can be affected by a variety of external conditions including pre-rigor 
temperature, the processing and packaging system, storage temperature, and light exposure. 
Despite the considerable number of hot boning benefits highlighted earlier, negative 
biochemical changes also result (including beef and lamb). Hot boning has a major risk of 
meat supporting growth of pathogenic bacteria (Spooncer, 1993; Toohey & Hopkins, 2006). 
When the carcasses are being dressed, pathogenic bacteria may transfer from the hide, skin or 
gut to the carcass surface. The temperature of the contaminated surface during boning can be 
between 20-35°C; at such temperatures pathogenic bacteria can rapidly multiply 
compromising the meat quality. To minimize contamination, strict handling and processing 
requirements have been outlined (Spooncer, 1993).  
Processing conditions such as hot boning and ES also affects the meat quality by affecting the 
onset of rigor mortis and the contraction of the muscles post-exsanguination. Post-
exsanguination, adenosine triphosphate (ATP), the biological energy source in the muscles, is 
depleted by glycolysis and the lactic acid concentration in the muscles increases. The increase 
in lactic acid causes a decrease in pH (to around 5.4 – 5.8) in carcasses from non-stressed 
animals; where the onset of rigor mortis is said to be attained (Bekhit et al., 2014; Hertzman 
et al., 1993). 
ES of hot boned meat hastens the rate of post-mortem glycolysis, reducing the potential of 
severe contraction of muscle upon rapid chilling, thus avoiding the production of tough meat 
(White et al., 2006). Meat tenderness is one of the most important attributes that consumers 
consider when they evaluate the quality of meat. Previous research has shown accelerated 
meat tenderisation in beef and lamb postmortem by ES, due to the enhanced rate of 
proteolysis stimulated by the Ca
2+ 
release at a higher temperature and physical disruption of 
muscle fibre structure (Hwang et al., 2003; Savell et al., 1981). LVES compared to HVES 
was also found to have low shear force values that were advantageous effectively improving 
meat tenderness (Li et al., 2006). 
Hot boned meat has been reported to be darker colour than conventionally cold boned meat 
(Pisula & Tyburcy, 1996). This has been attributed to the higher cooling rates in hot boned 
meat and intensive respiratory action however this can be altered by different conditioning 
processes. Electrical stimulation of longissimus dorsi (LD) beef muscle for 4h at 37°C 
reportedly offers a brighter attractive colour to the meat. ES treatment enhanced the colour 
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stability of the meat (Renerre & Bonhomme, 1991). Colour improvement as a result of ES 
has also been observed in goat carcasses (Cetin et al., 2012). 
The superior functional properties in hot boned meat compared to cold boned are due to the 
higher levels of ATP, pH, dissociation of actomyosin and better solubility of myofibrillar 
proteins (Choi et al., 1987). The functional properties have been reported to diminish during 





2.2 Effect of rigor temperature on meat quality 
Many studies have examined the effects of rigor temperature on the quality of meat including 
venison (Bekhit et al., 2007), beef (Farouk & Swan, 1998b), lamb (Geesink et al., 2000) and 
pork (Rees et al., 2002b). Several parameters are important to meat quality such as 
tenderness, ultimate pH, purge loss, WHC, and protein solubility, and can be affected by 
rigor temperature. 
2.2.1 Effect of rigor temperature on rigor pH, purge loss and water holding capacity 
(WHC) in meat.  
2.2.1.1 pH 
Monitoring muscle pH is very important as it is the easiest method to follow glycolytic 
change (Farouk & Lovatt, 2000). Rigor pH or ultimate pH is directly affected by rigor 
temperature. Intermediate rigor temperatures were reported to hasten the rate of pH decline in 
lamb longissimus muscle (Geesink et al., 2000). This is because at intermediate rigor 
temperatures the rate of muscle glycolysis is accelerated and this can cause the muscle to 
reach an early ultimate pH that leads to denaturation of muscle proteins. Research by Bekhit 
et al. (2007) on venison quality confirmed the rapid pH decline with longissimus muscles 
incubated at 35°C and 42°C having quickest glycolytic changes reaching ultimate pH in 4.6 h 
and 2.7 h, respectively. Muscles stored at low rigor temperatures, e.g. 5 or 10°C, had slower 
glycolytic rates and the ultimate pH was attained after longer periods of time. It is important 
to note that different muscles have different chilling rates due to their anatomical position on 
the carcass consequently affecting their pH fall. For example, muscles in the hind leg and 
chuck of beef carcasses can have a high initial deep butt temperature caused by metabolic 
heat production and the low thermal conductivity of muscle (Spooncer, 1993). The muscle 
can therefore reach rigor pH faster than other smaller muscles in beef (Jacob & Hopkins, 
2014). The potential disadvantage in this rapid pH fall is the possible development of pale, 
soft, exudative (PSE) characteristics in the meat especially in pork and beef (Kim et al., 
2014). The pale colour observed is due to the light scattering effect seen in meat exposed to 
rapid pH fall. This rapid pH decline results in reduced myofilament spacing and increased 
myosin denaturation leading to a high percentage of water to accumulate on the meat surface 
which can cause reflection of light and contribute to the paleness (Judd & Wyszecki, 1975; 
Kim et al., 2014; Offer, 1991). The conditions leading to the formation of defects in various 




Figure 2.1 Effect of rapid pH decline on the production of meat (beef, pork, turkey and chicken) with abnormal 
characteristics. (PSE- pale, soft, exudative) and (DFD-dark firm dry). Permission to use granted by author. Source: 
(Honikel, 2004b).  
Another important factor to look at when looking at effect of rigor temperature on rigor pH is 
to consider the type of muscle fibre being studied. Muscle consists of two types, white and 
red, which are present at different ratios. This can contribute to different biochemical and 
physical properties. Muscle containing a high percentage of red fibres (e.g. biceps femoris) 
has the characteristics of having high myoglobin and low glycogen whereas muscle 
containing a high percentage of white fibres (e.g. bovine semitendinosus) has high glycogen 
content and twitch faster in response to stimulation. Due to these differences, white fibres 
have a faster pH fall and enter rigor mortis faster than red fibres (Farouk & Lovatt, 2000). 
2.2.1.2 Purge loss 
Several studies have observed an increase in purge loss as the rigor temperature increases for 
both beef and lamb LD muscle (Farouk & Swan, 1998; Geesink, Bekhit et al. 2000). Studies 
done on venison LD muscle quality showed highest purge loss at a rigor temperature of 42°C; 
temperatures of  treatments of 0, 15, 25, 30, 35 and 42°C were investigated (Bekhit et al., 
2007). The increase in purge loss was due to protein denaturation and muscle shortening at 
higher rigor temperatures. Honikel et al. (1986) also suggested that purge loss had a linear 
relationship with sarcomere length and it can be attributed to the microstructure changes in 
muscle and shrinkage of the myofibrils, leading to a loss of free water. The effect of rigor 
temperature on purge loss seems to be dependent on muscle type and species (Bekhit et al., 
2007; Honikel et al., 1986). Studies on pork (Rees et al., 2002b) showed a drop in purge loss 
at intermediate temperatures (7-14°C) with lower (0°C) and higher (21°C) temperatures 
showing higher purge losses compared to species earlier discussed. 
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2.2.1.3 Water Holding Capacity 
Water holding capacity (WHC) can be defined as the ability of meat to retain its own water 
under the influence of certain physical effectors, such as pressure or force (Pearce et al., 
2011). WHC is an important contributing factor to the behaviour of meat during processing 
and cooking as well as to the juiciness of meat upon consumption (Gault, 1985). From a 
production perspective, low/poor WHC results in the loss of weight from carcasses and 
therefore loss of meat product yield. Rigor temperature has an inverse relationship with WHC 
(Bekhit et al., 2007). In other words, as the rigor temperature increases the water holding 
capacity has been reported to decrease. High temperatures cause rapid pH decline leading to 
protein denaturation, especially myosin; this results in the reduction the ability of meat to 
retain moisture (Babiker & Lawrie, 1983). Venison held at a rigor temperature of 42°C 
showed the lowest WHC compared with muscles held at lower rigor temperatures (Bekhit et 
al., 2007). 
2.2.2 Effect of rigor temperature on muscle shortening and meat tenderness  
Muscle shortening during pre-rigor development was first observed by Bendall in 1951. The 
muscle shortening and rigor temperature relationship have been shown to have a considerable 
effect on meat quality, especially toughness (Devine et al., 1999). Muscle shortening is 
caused by low (called cold shortening) and high (heat shortening) rigor temperature. Cold 
shortening is caused by rapid chilling of muscle or carcass before completion of glycolysis. 
During early post-mortem time, the carcass or muscle does not have sufficient lactic acid to 
lower the pH in the muscle and therefore the pH will be high (pH > 6.0). So when the carcass 
is incubated at low rigor temperature (< 10°C) the efficiency of the calcium pump is reduced. 
The leakage of Ca
2+
 ions from the sarcoplasmic reticulum increases the Ca
2+ 
ions around 
myofibrils and coupled up with the high concentration of unutilised ATP, severe contractions 
occur (shortening of muscle) producing tough meat (Bekhit et al., 2014; Cornforth et al., 
1980; Farouk & Swan, 1998b; Honikel et al., 1983; Simmons et al., 2008). Honikel et al. 
(1983) reported that cold shortening increased as rigor temperature decreased, very low rigor 
temperatures (e.g. -1°C) used on beef neck muscle caused rapid and intense shortening and 
produced very tough meat. 
Heat shortening occurs at temperatures above 20°C while the pH of the muscle is below 6.0 
(Honikel et al., 1983). Devine et al. (1999) reported that exposing beef longissimus muscle to 
rigor temperatures of between 20°C and 35°C with a fast decrease in pH, caused rigor 
shortening. This is attributed to increased changes in proteolytic enzyme activities and 
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sarcomere shortening. The incidence of rigor shortening has been reported to be reduced in 
meat exposed to low voltage electrical stimulation (Devine et al., 1999; Olsson et al., 1994). 
Heat shortening has been shown to be less severe in venison LD muscles (30% shrinkage at 
42°C) compared to cold shortening (50% shrinkage at 0°C) (Bekhit et al., 2007). The limited 
severity at high rigor temperature has been reported to be due to lower levels of ATP supply 
to stimulate irreversible actomyosin bridge formation (Thompson et al., 2006). Figure 2.2, 
adopted from Honikel (2004), illustrates the development of cold and heat muscle shortening 
in beef muscle. 
 
Figure 2.2 Effect of rigor temperature and postmortem pH on the development of cold and rigor (heat) shortening in 
beef. Permission to use granted by author. Source: (Honikel, 2004a). 
Tenderness is one of the most important meat characteristics to determine its acceptability by 
consumers. The tenderisation of meat is influenced by several physical (discussed in section 
above) and biochemical factors, which affects proteases involved in degradation of proteins; 
these factors inadvertently affect the level of tenderness possible in meat (Bekhit et al., 2014). 
Anatomical and physiological factors such as location of the muscle on the carcass and 
muscle fibre types also determine the meat tenderness. Longissimus dorsi in beef has been 
reported to be much more tender compared to semitendinosus muscle (Belew et al., 2003). 
Amongst all the factors reported for meat toughness, temperature-induced shortening has 
been highlighted as a major determinant to quality of meat tenderness (Tornberg, 1996). 
Another pivotal aspect of meat tenderness is the modification of enzymes responsible for 
meat tenderization during the pre-rigor period. The pre-rigor temperature affects these two 
factors (Devine et al., 1999). Devine et al. (1999) showed that rigor temperatures between 10 
and 15°C offered the highest degree of meat tenderness for beef longissimus thoracicus et 
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lumborum muscle. Nuss and Wolf (1981) obtained similar results using beef semitendinosus, 
vastus lateralis and biceps femoris, suggesting that the pattern is consistent for a wide range 
of muscle types. Pre-rigor temperatures above 20°C induce heat shortening in muscles; as a 
result μ-caplain activity is reduced (Bekhit et al., 2014) affecting the tenderisation process. 
Proteolytic enzyme activity has a pivotal role in meat tenderisation. However the protease(s) 
activity is not independent; several pre-rigor factors determine how endogenous enzymes 
perform. Pre-rigor temperature and rate of pH decline impact significantly on μ-caplain 
activity. The effects on the protein degradation process are observed post-rigor mortem as the 
meat is aged. Normal to high pre-rigor temperatures with rapid µ-calpain activation due to 
increased Ca
2+ 
ion release hastens the myofibrillar protein degradation leading to early 
exhaustion of proteolytic enzyme activity. Other researchers have reported an increase in 
meat tenderness with higher pre-rigor temperature (Whipple & Koohmaraie, 1992) due to 
accelerated proteolysis but results were ephemeral. At high pre-rigor temperatures there is a 
rapid pH decline (faster rate of glycolysis) and as pH reaches ~6.25 calpain 1 is activated 
with tenderisation commencing (Dransfield, 1994). As the exposure to high pre-rigor 
temperature continues, there is increased Ca
2+ 
ion release and calpain 2 is further activated 
increasing meat tenderisation. The disadvantage, however, occurs when both calpain 1 and 2 
are activated; they become very unstable leading to rapid autolysis. This ultimately leads to 
their complete exhaustion before the meat reaches complete tenderisation compared to 
optimum pre-rigor temperatures (Dransfield, 1994). 
Another reported way of obtaining higher tenderness in meat is to expose the carcass to a 
high pre-rigor temperature for a short period of time (~3 h at 37°C) and subsequently apply 
ES. The meat is then moved into ~15°C incubation to complete rigor mortis for optimum 
tenderness (Marsh et al., 1981; Tornberg et al., 2000). A 3 h incubation of beef longissimus 
muscle at 37°C was found to be the optimum set of conditions; heat shortening starts to occur 




2.2.3 Effect of rigor temperature on meat colour  
Meat colour does not contribute to the eating quality of meat. However, it is important since 
consumers/purchasers make purchasing decisions based on the colour of the meat. The 
consumers tend to associate meat that is reddish-pink and bright with freshness. Meat with a 
dull colour is perceived as old, stale and of poor quality (Young et al., 1999). 
A number of independent variables have been reported to influence the colour of fresh meat. 
Variables like feeding regimes and rearing castrated/non castrated animals have a significant 
influence on the colour of meat (MacDougall, 1982). For slaughtered animals, pre-rigor 
temperature has been reported to have a direct impact on the colour of the meat. Farouk & 
Swan, (1998) showed that L* values (lightness) of beef (semitendinosus muscle) increased 
with an increase in the rigor temperature. This phenomenon was observed in both fresh and 
frozen meat. Beef LD muscle incubated at high rigor temperatures (> 35°C) had higher L* 
values. This could be attributed to the denaturation of proteins in the muscle (MacDougall, 
1982). The colour was affected by light scattering properties of the meat which are brought 
about by the gaps within myofibrils (MacDougall, 1982). So meat exposed to pre-rigor 
temperature > 35°C would have had some sarcoplasmic proteins and myosin denatured 
causing a drop in WHC of meat protein (Barbut et al., 2008). This drop in the WHC of the 
meat leads to higher light scattering abilities, hence higher L* values. Beef and lamb muscles, 
which reached rigor at high temperature, could develop the PSE (pale, soft and exudative) 
phenomenon that is commonly found in pork (Barbut et al., 2008; Warner, Kerr et al., 2014). 
The muscles exposed to pre-rigor temperatures between 0 and 10°C were observed to be 
translucent, dark, and have low purge loss. The low purge loss indicates a high WHC hence 
less light scattering ability in muscle (Farouk & Swan, 1998b). The same analysis was done 
on venison meat with similar trends observed (Bekhit et al., 2007). Venison samples 
incubated at 42°C had high L* values with reduced enzyme activity accounting for the 
depletion of oxygen in the muscle. 
Geesink et al., (2000) observed that redness (a*) value increased with increasing rigor 
temperature in lamb longissimus muscle. This increase was significant up to 25°C; at rigor 
temperatures greater than 25
o
C, no significant changes were observed. Beyond 25°C, the 
mitochondria oxygen consumption rate decreases, possibly increasing metmyoglobin and 
reducing enzyme activity (Farouk & Swan, 1998b). 
Yellowness (b*) has been reported to increase in beef LD muscle with the increase in rigor 
temperature (MacDougall, 1982). This was confirmed in beef semitendinosus and biceps 
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femoris muscles (Farouk & Lovatt, 2000). This trend was also in agreement with various 
reports on lamb muscle (Geesink et al., 2000; Warner et al., 2014) and venison (Bekhit et al., 
2007).  
2.3 Lipid oxidative stability of meat and meat products 
Lipid oxidation has been reported to be a major cause of deterioration of muscle foods 
involving changes of flavour, colour, texture, nutritive value and possible formation of 
potentially toxic compounds like reactive aldehydes and free radicals (Gray et al., 1996; 
Jacobsen et al., 2008). Low oxidative stability of meat and meat products is a constant 
challenge to food processors as their product can easily be compromised. Lipid oxidation is a 
complex process where the highly unsaturated fractions in the subcellular membrane reacts 
with molecular oxygen via a free radical chain reaction mechanism (Morrissey et al., 1998). 
The most common oxidation mechanism is lipid autoxidation, which is a three step process 
including initiation, propagation and termination as illustrated in figure 2.3 (Shahidi & 
Wanasundara, 2002). The initiation step starts with hydrogen abstraction from the double 
bond on the unsaturated fatty acid RH molecule to form a very reactive free radical (R*). 
This step is easier with more double bonds available, and hence why polyunsaturated fatty 
acids are particularly vulnerable to lipid oxidation (Halliwell & Chirico, 1993). The free 
radical R* reacts rapidly with atmospheric oxygen to form a peroxyl radical (ROO*), which 
abstracts another hydrogen atom from another unsaturated centre from a fatty acid due to its 
instability towards oxidation, forming a hydroperoxide (ROOH) and another fatty acyl radical 
R*. The R* radical initiates further oxidation (propagation step). 
The termination step occurs when two fatty acyl radicals react to form a non-radical product. 
In living organisms there are several antioxidant defence mechanisms that enable the system 
to eradicate the accumulation of oxidation products (Morrissey et al., 1998). Enzymes like 
catalase and superoxide dismutase work in unison to convert a superoxide anion radical to 
hydrogen peroxide and ultimately to water, avoiding the production of the potent hydroxyl 




Figure 2.3 Lipid oxidation reactions R* =free radical, ROO* = peroxyl free radical, ROOR= hydroperoxides, O= 
oxygen, RH = unsaturated fatty acid, HO*- hydroxyl radical H=hydrogen. Permission to use granted by author. 
Adapted from: (Shahidi & Wanasundara, 2002). 
The hydroperoxides formed in this pathway are the primary oxidation products. They are 
stable at room temperature, but can decompose at higher temperatures in the presence of 
catalysts such as metal ions (Shahidi & Wanasundara, 2002). The decomposition of 
hydroperoxides produces secondary oxidation products like aldehydes (which contribute to 
the off-smell in oxidised meats), alcohols, ketones and short chain hydrocarbons; these are 
responsible for compromising the quality of food products (Choe & Min, 2006; Frankel, 
2005). The quantities and proportions of lipid oxidation products depend on the fat 
composition of the animal (Ladikos & Lougovois, 1990). 
Anti-lipid oxidation defense mechanism in the living animal 
Enzymes like superoxide dismutase and glutathione peroxidase convert 
1
O2  through H2O2  
into water reducing the production of hydroxyl radicals (Morrissey et al., 1998). Storage and 
transport proteins like metallothione and carnosine respectively isolate transition metals, 
limiting their ability to catalyse conversion of the superoxide anion to a hydroxyl radical 
(Halliwell & Chirico, 1993). Vitamin E and β-carotene are antioxidants that can also disturb 
the free radical chain reaction (Morrissey et al., 1998). Tocopherols (α and β) are known for 
their antioxidative ability in plasma lipids. The α-tocopherol reduces a peroxyl radical to 
form hydroperoxides and an α-tocopherol radical which can then be reduced to α-tocopherol 
by intercellular reductants like glutathione and ascorbate. The scavenging abilities of 
tocopherols for hydroxyl, superoxide and peroxyl free radicals of ascorbate have been 
extensively researched (Ladikos & Lougovois, 1990; Morrissey et al., 1998); they are 
regarded as one of the most important antioxidants in the extracellular fluids of living animals 
 
Initiation   RH + HO* R* + H2O 
Propagation   R* + O2  ROO* 
    ROO* + RH  ROOH + R* 
Termination    R* + R* RR 
    R* + ROO*  ROOR 
    ROO* + ROO* ROOR +O2 
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(Gray et al., 1996). When an animal is slaughtered some anti-oxidising mechanisms are lost 
increasing vulnerability for lipid oxidation. 
Immediate stage post-slaughter (algor mortis) when muscle is yet to go through rigor mortis, 
meat is vulnerable to considerable lipid oxidation. When an animal is slaughtered there are 
several biochemical changes that expose the unsaturated fatty acids in the subcellular 
membrane to oxidation (Morrissey et al., 1994). The anti-oxidative abilities of the muscle are 
severely lowered with pro-oxidation factors on the rise post-slaughter. The circulation of 
nutrients cease and the phase proteins responsible for scavenging for iron, i.e transferrin, 
cannot be activated anymore leading to more iron catalysed chain reactions (Morrissey et al., 
1994). The defense mechanism of cells towards oxidation will cease due to the changes to 
several metabolites (Halliwell & Chirico, 1993). 
Oxidation of meat during storage and handling times 
Lipid oxidation in meat has been reported to be high during the handling, storage and 
processing stages (Morrissey et al., 1998). Any disruption to the membrane system such as 
ES, deboning and grinding can expose the constituents to oxygen, triggering oxidation (Sato 
& Hegarty, 1971). Also in this stage, iron is released from sources like myoglobin and 
residual haemoglobin and becomes available to react with amino acids and nucleotides to 
form chelates. The chelates catalyse oxidation of lipids in biological tissues (Halliwell & 
Gutteridge, 1986). Ferritin and haemoglobin are able to catalyse oxidation of lipids on their 
own (Morrissey et al., 1998). Another contributing factor to the high vulnerability of meat 
during the handling, storage and processing stages is the absence of anti-oxidative enzyme 
mechanisms like superoxide dismutase and catalase; activity of these enzymes ceases at 




2.3.1 Factors influencing lipid oxidative stability in meats 
Availability of transition metal ions, salts and haem compounds  
The presence of transition metal ions, like iron, copper and cobalt, facilitate lipid oxidation in 
meat products. This is because metal ions are electron donors which facilitate the formation 
of free radicals, for example ferric ion is capable of breaking the O-O bond to form peroxy 
and alkoxy radicals for lipid oxidation (Gray et al., 1996; Ladikos & Lougovois, 1990). Metal 
ions have been reported to enter meat mainly via washing or other processing involving 
water, or via salt and spices added to meat. 
The study done by Hazell, (1982) showed that the major source of haem iron in beef is 
myoglobin, and it accounts for over 90% of haem proteins present in beef. Myoglobin was 
also found to be a core compound in the lipid oxidation. This is because myoglobin in the 
presence of H2O2 can be converted to ferrylmyoglobin and serve as a major source of 
hematin and free ionic iron, all of which are able to initiate and propagate lipid oxidation 
(Min et al., 2008). 
Dietary intake, fat content and fatty acid composition 
Meat with high polyunsaturated fatty acids (PUFA) has been reported to have lower oxidative 
stability (Howes et al., 2015; Morrissey et al., 1998). There is a linear relationship between 
the number of unsaturated double bonds and the oxidation rate (Horwitt, 1986). The levels of 
PUFAs in meat can be affected in two ways. The first way is dietary PUFA supplementation 
of feed that increases overall animal PUFA content. Monahan et al., (1992) observed an 
increase in linoleic/oleic acid ratio in pigs fed with 5% soybean oil; the muscles from the pigs 
were noticed to have a high predisposition to iron-induced lipid oxidation. Alfaia et al., 
(2006) reporting a study on Mertolenga cattle fed different diets that highlighted that the fatty 
acid composition of beef is influenced by dietary factors. The second way is via the natural 
fatty acid profile as determined by the genetics of the animal. For instance, pork studies have 
shown higher content of PUFAs when compared to beef (Min et al., 2008). This would 
explain why it is very susceptible to lipid autoxidation (Du et al., 2001).  
Dietary intake of antioxidants can also influence the stability of meat during storage (Cannon 
et al., 1995). Dietary vitamin E is a powerful antioxidant and operates as a lipid soluble 
antioxidant in cell membranes, especially in the mitochondria and microsomes. High 
concentrations of α-tocopherol in the muscle reduces the oxidation of lipids in pork muscles 
(Cannon et al., 1995). Vitamin E supplementation at a concentration of 100 mg/kg of animal 
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live weight for 84 days in the pig diet lowered secondary oxidation products in pork and 
improved the palatability of the pre-cooked meat in vacuum-packing up to 56 days compared 
with untreated meat (Cannon et al., 1995). Improved lipid stability was found in meat 
obtained from Holstein steers that were supplemented with 370 IU of vitamin E per animal 
per day for 43 weeks. This was found to be the optimum supplementation for significant 
inhibition of lipid oxidation (Faustman et al., 1989) 
2.3.2 Cholesterol and cholesterol oxidation products in food 
Cholesterol (cholest-5-en-3β-ol ) is a polycyclic molecule with a double bond between carbon 
5 and 6 (Vicente et al., 2012), and it is susceptible to oxidation leading to formation of 
oxysterols in the presence of light, oxygen, heat, free radicals and several other factors 
(Smith, 1987). Cholesterol is an important metabolite in several biological processes. These 
include providing structure in the synthesis of steroids, steroid hormones and biosynthesis of 
bile and bile acid salts. Cholesterol plays a significant role in cellular membrane architecture, 
affecting its stability, permeability and fluidity (Hur et al., 2007; Ikonen, 2008). The 
biosynthesis of cholesterol occurs in animal tissues. In mammals the highest biosynthesis is 
performed mainly in the liver, adrenal gland, ovaries and testis (Robins & Brunengraber, 
1982). Some of the cholesterol found in food products is absorbed from dietary intake 
(Vicente et al., 2012). Cholesterol is excreted mainly from the bile and is unesterified on 
release (Robins & Brunengraber, 1982). The cholesterol absorbed from dietary intake is 
released through the chylomicron pathway and removed from the plasma by the liver as a 
component of chylomicron remnants (Hur et al., 2007).  
Cholesterol is vulnerable to oxidation leading to the formation of oxysterols/cholesterol 
oxidation products (COPs). The COPs are sterols like cholesterol but contain an extra oxygen 
functional group that can be ketone (C=O), hydroxyl (-OH), epoxide (C-O-C, glycidyl ether 
ring) or hydroperoxide (-OOH) (Ferioli et al., 2008) on the nucleus of the sterol and in some 
cases a hydroxyl on the side chain of the molecule. Figure 2.4 shows the most common 




Figure 2.4 The chemical structures of cholesterol and cholesterol oxidation products. Permission to use granted by 
author. Source: (Saldanha et al., 2006) 
The COPs have been reported to have potential cytotoxic, atherogenic, carcinogenic and 
mutagenic effects on human health (Addis, 1986; Boselli et al., 2012; Kubow, 1993). The 
level of cholesterol oxidation can be linked to the processing and manufacture conditions, 
such as temperature, storage length and conditions, and the antioxidants available 
(Paniangvait et al., 1995). The COPs have been reported to inhibit cholesterol biosynthesis 
leading to its limited bioavailability (Lund & Björkhem, 1994). The most predominant 
oxidation derivatives of cholesterol in food products include 7-ketocholesterol, 7α-
hydroxycholesterol, 7β-hydroxycholesterol, 20-hydroxycholesterol, 25-hydroxycholesterol, 
cholesterol-5α, 6α-epoxide, cholesterol-5β, 6β-epoxide and cholestane-3β,5α,6β-triol (Raith 
et al., 2005). 
2.3.2.1 Formation of cholesterol oxidation products 
Due to the presence of the unsaturated double bond on carbon 5, a wide range of COPs can 
be produced endogenously or exogenously through various reaction pathways (Cardenia et 
al., 2012). The COPs can be produced by chemical auto-oxidation, photosensitised oxidation 
and enzymatic oxidation. The most frequently observed mechanism in food products is 
autoxidation. Photosensitised oxidation is not as common as autoxidation, and enzymatic 
oxidation is the least likely to occur (Rodriguez-Estrada et al., 2014). 
The most prominent cholesterol oxidation pathway, autoxidation, is initiated by a free-radical 
mechanism leading to the formation of hydroperoxides in the presence of air (the first 
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products of cholesterol oxidation) and then ultimately oxysterols (Schroepfer Jr, 2000). 
Schroepfer Jr., (2000) identified up to 70 oxysterols in mammalian systems. The oxidation of 
PUFA has been reported to initiate cholesterol autoxidation (Kubow, 1993; Smith, 1987). 
The hydroperoxides from lipid oxidation of PUFAs are able to abstract a hydrogen from the 
Δ5, 6 bond on cholesterol leading to free radical formation in the cholesterol structure 
(Paniangvait et al., 1995). Molecular oxygen at the carbon positions 4, 5, 6 or 7 reacts with 
free radicals from the Δ5, 6 double bond. In most cases the molecular oxygen attaches at 
carbon 7, its most favoured and stable position, and the first products of cholesterol 
oxidation, hydroperoxides, are formed. Decomposition of the hydroperoxides produces a 
hydroxyl-derivative, 7α-hydroxycholesterol or its epimer 7β-hydroxycholesterol (Paniangvait 
et al., 1995). A ketone derivative, 7-ketocholesterol, is formed by subsequent dehydration 
(Paniangvait et al., 1995; Smith, 1987). Biomolecular reaction mechanisms, through 
hydroxyperoxy radical and cholesterol interaction, are responsible for the formation of 
cholesterol-5α, 6α-epoxide and cholesterol-5β, 6β-epoxide. Through further hydration a triol 
(cholestane-3β,5α,6β-triol) is formed, see figure 2.5 (Rodriguez-Estrada et al., 2004). 
Reactions at carbon 20 and carbon 25 produce lateral chain derivatives, 20 





Figure 2.5 The formation and interconversion of most common cholesterol oxides during cholesterol auto oxidation.1 
= formation of allylic radical that reacts with O2 and abstraction of H*. 2 = epoxidation (interaction of cholesterol and 
hydroxyperide). 3= decomposition/dehydration, 4= hydration and 5= side chain oxidation. Permission to use granted 
by author. Source: (Vicente et al., 2012). 
Cholesterol photoxidation has been classified as either a type I or type II reaction where the 
former involves free radicals and the latter a singlet oxygen (Foote, 1968; Girotti, 1992). 
Photosensitised oxidation of cholesterol is initiated by singlet oxygen 
1
O2. The singlet oxygen 
is generated when the photosensitisers absorb light. The electronically excited 
photosensitisers interact with triplet oxygen and change into the reactive singlet oxygen 
(Cardenia et al., 2012). The reactive singlet oxygen has a higher redox potential and lower 
activation energy compared to the triplet oxygen. The 
1
O2 then reacts with the steroid 
molecule on either side of the unsaturated double bond. Hydroperoxides are generated from 
this reaction with 5α-hydroperoxycholesterol being the most abundant (Cardenia et al., 2012). 
Other hydroperoxides generated are 6α-hydroperoxycholesterol and 6β-
hydroperoxycholesterol. They are then rearranged to either 7α-hydroperoxycholesterol or 7β-
hydroperoxycholesterol as they are more stable .The hydroperoxides, through a dismutation 
reaction, are transformed to hydroxyl-derivatives 7α-hydroxycholesterol, 7β-
hydroxycholesterol and mostly the keto-derivative, 7-ketocholesterol. The amount of light 
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these two derivatives (hydroxyl-keto) are exposed to determine their abundance as they are 
interconvertible. Cholesterol-5α,6α-epoxide and cholesterol-5β,6β-epoxide can be derived 
from the hydroxyperoxide via a biomolecular reaction pathway. Triol (cholestane-3β,5α,6β-
triol) can be formed if there are acidic conditions and water present (Smith, 1987). 
2.3.2.2 Factors influencing oxidation of cholesterol  
Storage and type of packaging have been reported to influence formation of COPs in food 
products. At day 0 raw beef has no COPs (Park & Addis, 1987). Meat stored after any form 
of heat treatment was reported to have increased levels of COPs even when it was stored for a 
short period of time (De Vore, 1988).This can be attributed to the reported autocatalytic 
characteristics of lipid oxidation upon thermal processing (Conchillo et al., 2005). Length of 
storage also affects COPs formation with levels increasing 1.5 times in aerobically stored 
compared to vacuum packed raw meat (Conchillo et al., 2005). The study showed cooking 
type and storage time increased the oxidation of cholesterol. Vacuum packing of meat 
reduces the oxidation of cholesterol compared to aerobic packaging over time (Conchillo et 
al., 2005). 
The presence of light and oxygen have shown to increase the production of COPs (Guardiola 
et al., 1997). This has shown how modified atmospheric packaging (MAP) with high O2 can 
promote oxidation of cholesterol in meat products. Ferioli et al.,(2008) studied cholesterol in 
beef stored under MAP (80% O2 /20% CO2) at 1, 8 and 15 days of storage at 4°C; 7- 
ketocholesterol was found to be most abundant and a linear increase was found of 10.4, 30.7 
and 60.5 µg/g fat respectively. The COPs in beef muscle increased with storage time under 
MAP. 
Heating increases the production of COPs. Heating, for instance during cooking, leads to 
protein denaturation and a reduction in the antioxidant capacity of the meat (Hur et al., 2007). 
It has been reported that oxidation of lipids due to thermal processing has a linear relationship 
with temperature and exposure time (Pie et al., 1991). Initial cholesterol 7α-
hydroperoxycholesterol and 7β-hydroperoxycholesterol in meat are reduced as a result of 
heating due to their conversion to the more stable 7α-hydroxycholesterol, 7β-
hydroxycholesterol and 7-ketocholesterol (Vicente et al., 2012). Epoxides have been reported 
to increase in production with the increase in heating time compared to 7- ketocholesterol. 




Light, UV and γ radiation increases lipid and cholesterol oxidation (Hur et al., 2007). There is 
an increase in COPs production with time, but the effect is mainly on the surface during light 
exposure (Vicente et al., 2012). This is dependent on the contact of oxygen with already 
present triplet sensitisers to form free radical 
1
O2. UV light has been reported to generate free 
radicals by photolysis of water (Hodgson et al., 1973). Meat can produce huge amounts of 
hydoxyl radicals because the muscle cells are made up of up to 70-80% water. This leads to 
increased autoxidation and other secondary reactions of cholesterol oxidation (Hur et al., 
2007; Thakur & Singh, 1994). Boselli et al, (2010) did a study on photosensitised oxidation 
of cholesterol in horse meat slices stored under different packaging films and light. The meat 
wrapped with transparent film with no neon light (control) recorded total COPs of 233.2 µg/g 
of lipids. The samples wrapped with transparent film and irradiated with a neon lamp for 8 h 
had increased COPs of 316.7 µg/g of lipid that corresponded to a 35% increase in total COPs 
due to UV from light. Boselli et al, (2010) reported similar results (33.7%) with thin beef 
meat slices wrapped in shrink transparent film which was exposed to 8 h of neon light. 7-
Ketocholesterol was recorded as the main cholesterol oxide, constituting one third of the total 
COPs. The study however showed that storage in red film protected the horse meat sample 
from UV light and decreased production of the COPs. The meat wrapped with red film 
(control) had a total COPs of 172.9 µg/g of lipids and the samples wrapped with red film and 
exposed to 8h neon light irradiation had lower COPs of 139.7 µg/g of lipid (Boselli et al., 
2010). This suggests that light exposure of meat increases the COPs but red film wrapping is 
able to supress the oxidation of cholesterol. 
The PUFA content, water and pH have also been reported to influence the oxidation of 
cholesterol in food products (Vicente et al., 2012). The PUFAs as earlier discussed are 
vulnerable to oxidation influencing the oxidation of the remaining lipids in food. High PUFA 
presence means more free radical formation leading to more cholesterol oxidation via the 
autoxidation pathway (Du et al., 2001). Horse meat has been reported to have relatively high 
PUFA content and high myoglobin levels (Sarriés et al., 2006). This explains the high 
cholesterol oxidation levels for control samples in the (Boselli et al., 2010) study on 
photosensitised oxidation of cholesterol in horse meat slices stored under different packaging 
films and light exposure. 
Water influences lipid oxidation by increasing the rate of COPs production. Oxidation 
reactions utilize water as a substrate increasing reaction products. Water also facilitates faster 
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movement of molecules and lowers the viscosity of food products by increasing flow (Hur et 
al., 2007; Obara et al., 2006; Vicente et al., 2012).  
2.3.3 Conjugated Linoleic Acid (CLA) in food 
Conjugated linoleic acid (CLA) is a collective term for a group of positional and geometric 
isomers of α-linoleic acid, c9,c12- octadecadienoic acid. CLAs were only of interest to rumen 
microbiologists who studied the most abundant isomer c9,t11 CLA as an intermediate in 
biohydrogenation of linoleic acid until Pariza & Hargraves discovered antimutagenic 
substances in pan fried hamburger that were effective inhibitors of benopyrene-initiated 
mouse epidermal neoplasia (Pariza & Hargraves, 1985). The antimutagenic substances were 
identified as CLAs (Ha et al., 1987). Through the years, the list of positive physiological 
benefits from dietary CLA consumption has increased. Research undertaken using animal 
models consuming CLAs has shown reductions in body fat accretion, antidiabetic effects, 
immunomodulation, improved bone mineralization and  antithrombotic properties (Chin et 
al., 1994; Cook et al., 1993; Sugano et al., 1998; Weber et al., 2001).  
Conjugated linoleic acid isomers have two double bonds separated by a carbon bond, hence 
conjugated bonds (Alfaia et al., 2006). At least 24 CLA isomers have been reported to occur 
naturally in food. Food sourced from ruminants has been found to have the highest levels of 
CLA compared to non-ruminants (Peterson et al., 2002). The most common isomer in food is 
cis-9, trans-11 CLA. In milk, cis-9, trans-11 CLA makes up to 90% of the total CLA (Parodi, 
1999) with beef having around 80% (Fritsche et al., 1999). Since the discovery of CLAs, a lot 
of research has been done on their presence in food. Dairy products have been reported to 
contain the highest levels of CLAs (Lin et al., 1995). In animal adipose tissue, kangaroo was 
found to have the highest levels of CLA at 38.8 mg/g of lipid fat (Engelke et al., 2004). Non 
ruminants muscles, like fish, and also vegetable products have low concentrations (Chin et 
al., 1992). Several studies have been done on lamb and beef with interestingly large 
variations. This can be explained by the various factors the animals were exposed to before 
slaughter (Schmid et al., 2006). CLA in food has been reported to be affected by animal 
genetics, dietary regimes, supplementations and seasonal factors. Intrinsic factors like breed, 
animal genetics, age and sex of animals also have a significant influence on CLA levels in the 
final product (Raes, De Smet, et al., 2004). Variation of CLA content within a carcass have 
also been reported. This can be attributed to the differences in fatty acid compositions 
between muscles. In a study by Jiang et al., (2010) on 21 steaks of crossbred beef, 
subcutaneous fat was found to have higher CLA and vaccenic acid (a naturally occurring 
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trans-fatty acid found in ruminants with anticarcinogenic properties compared to lean 
intramuscular fat (Field et al., 2009; Jiang et al., 2010). Table 2.1 summarises animal, muscle, 
dietary information and reported CLA concentrations from several studies. It is important to 
note that animals raised on pasture relatively had the highest CLA content; Pasture has high 
PUFA content. PUFA intake determines the generation of trans fatty acids in the rumen 
bacteria, although this is not the only determinant (Lawson et al., 2001). Feeding of oilseeds, 
for example linseed, has been reported to increase CLA content in muscle lipid (Casutt et al., 




Table 2.1 CLA content in the meat of various animals on different diets. 
Animal/ Breed Muscle Dietary Regime CLA content Remarks Reference 
 
Beef 
     
Beef-Angus Semimembanosus  Forage based 1.96 mg /100g tissue Extracted from Intramuscular fat (Ward et al., 2010) 
Beef –limousin Semimembranosus Forage based 2.24 mg/100g tissue Reported higher average cis-9, trans-11 CLA content 
compared to Angus breed for same muscle 
(Ward et al., 2010) 
Beef  Longissimus dorsi Grass based 2.9-4.3 mg/g fat Cis-9, trans-11 LA isomer constituted between 79-84% of 
total CLA 
(Chin et al., 1992) 
Beef- Belgian blue 
bulls 
Triceps brachii Soy beans 0.25 g/100g FA 
0.62 g/100g FA 
Cis-9, trans-11 CLA content in intramuscular fat 
Cis-9, trans-11 CLA content in subcutaneous fat 
(Raes, Haak, et al., 2004) 
Beef –Belgian blue 
bulls 
Triceps brachii Extruded linseed  0.35 g/100g FA 
0.76 g/100g FA 
Cis-9, trans-11 CLA content in intramuscular fat 
Cis-9, trans-11 CLA content in subcutaneous fat 
(Raes, Haak, et al., 2004) 
Beef –belgian blue 
bulls 
Triceps brachii Crushed linseed 0.33 g/100g FA 
0.65 g/100g FA 
Cis-9, trans-11 CLA content in intramuscular fat 
Cis-9, trans-11 CLA content in subcutaneous fat 
(Raes, Haak, et al., 2004) 




11.3 mg/100g muscle Increased CLA output on meat after high seed and fish oil 
diet 
(Enser et al., 1999) 




3.4 mg/g FA Indigenous Southern African cattle raised on grass with no 
additional supplementations 
(Muchenje et al., 2009) 




3.1 mg/g FA Indigenous Southern African cattle raised on grass with no 
additional supplementations 
(Muchenje et al., 2009) 
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Animal/ Breed Muscle Dietary Regime CLA content Remarks Reference 
Beef-Hereford 
cross steers 
Longissimus Dorsi Grain 0.06 g/100g FA Cis-9, trans-11 CLA most dorminant  (Yang et al., 2002) 
Beef –hereford 
cross steers 
semimembranosus Pasture 0.22 g/100g FA  (Yang et al., 2002) 
Beef –hereford 
cross steers 
Gluteus medius Grain 
Pasture 
0.13 g/100g 
0.26 g/100g FA 
 (Yang et al., 2002) 
Beef-range cows supraspinatus Pasture base 0.41 g/100g FA  (Rule et al., 2002) 
 
Lamb 
     
Merinizzata Italiana 
male lambs 
Longissimus dorsi Pasture graze 1.85 g/100g FA 
1.45 g/100g FA 
2.39 g/100g FA 
Grazed for 8 h/day 
Grazed 4 h/day in morning. 
4 h grazing in the afternoon 
Ruminal biohydrogenation peaked for afternoon grazing 
resulting in higher rumenic acid (CLA) production 




Longissimus dorsi  Sunflower oil 2.13 mg/100g muscle  (Jerónimo et al., 2009) 
Merino blanco  
lambs 
Longissimus dorsi Sunflower + 33% 
linseed oil 
2.06 mg/100g muscle Linseed oil supplementation to sunflower feed lowered the 
CLA recorded in the lamb muscle 
(Jerónimo et al., 2009) 
Merino blanco 
lambs 
Longissimus dorsi Sunflower + 66% 
linseed oil 
1.84 mg/100g muscle  (Jerónimo et al., 2009) 
Merino blanco 
lambs 
Longissmus dorsi Linseed oil 1.56 mg/100g muscle Sunflower diet had higher CLA  reported compared with 
linseed 
(Jerónimo et al., 2009) 
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Animal/ Breed Muscle Dietary Regime CLA content Remarks Reference 
Small tail Han ewes Back fat Control (constituted 
of corn, cornstalk 











0.70 g/100g FA 
0.72 g/100g FA 
0.96 g/100g FA 
0.98 g/100g FA 
Oil seed supplementation increased the levels of CLA in the 
ewes 
(Peng et al., 2010) 
Suffolk x Dorset 
cross lambs 
Adipose tissue Control 1.78 mg/g FA  (Mir et al., 2000) 
Suffolk x Dorset 
cross lambs 
Adipose tissue CLA treatment  
Safflower 
2.60 mg/g FA 
7.33 mg/g FA 
 (Mir et al., 2000) 
Suffolk x Dorset 
cross lambs 




1.78 mg/g FA 
1.50 mg/g FA  
 
4.41 mg/g FA 






     
Boer goat Longissimus dorsi 1.5% Licury oil 
supplementation 
0.28 g/100g FA  (Silva et al., 2011) 
  3.0% licury oil 
supplementation 
0.19 g/100g FA  (Silva et al., 2011) 
Boer kid goat Semitendinosus Flaxseed oil + 





 (Ebrahimi et al., 2014) 















0.93 g/100g FA 
 
2.43 g/100g FA 
 
 
0.62 g/100g FA 
 
1.69 g/100g FA 
 
 
1.14 g/100g FA 
 
2.51 g/100g FA 
 
Extracted from Intermuscular  
 
Extracted from Intermuscular 
 
 
Extracted from Intermuscular 
 







(Jambrenghi et al., 2010) 
 
 



































     
Pic380 x 
Cambrough 23 
Loin, 10th rib Soya bean oil 
CLA oil 
0.65 mg/100g FA 
0.95 mg/100g FA 
 (Barnes et al., 2012) 
Landrace x Large 












CLA used as supplementation was synthesised by alkaline 
isomerization of safflower oil 
(Joo et al., 2002)  
(Joo et al., 2002) 
Newsham XL sires 
x Duroc x 
Yorkshire Landrace 
Longissimus 11th rib 5% added fats, CLA  
supplements 










     
Broiler chicken Breast Feedlot 0.9 mg/g fat Cis-9, trans-11 CLA  constituted 84% of total CLA (Chin et al., 1992) 
Abor Acres broiler 
chicken 







0.14 g/100g FA 
1.32 g/100g FA 
 
 
2.63 g/100g FA 
 
 
Cis-9, trans-11 CLA isomer` (Kawahara et al., 2009) 
 
FA = Total fatty acids 
Conversion of the reported results to the same units was not possible in some of the summarised studies due to the lack of composition results.
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2.3.3.1 Formation mechanism of CLA in meat 
The CLAs found in meat originating from ruminants are mainly from two sources. The first 
source is ruminal biohydrogenation and/or bacterial isomerization of PUFAs in the rumen. 
The second source is from desaturation of trans-11C18:1 acid in the animal tissue (Griinari et 
al., 1999), which is an intermediate in the ruminal biohydrogenation of unsaturated fatty 
acids. In general, the CLAs from rumenic animals are derived and related to the incomplete 
biohydrogenation of dietary unsaturated fatty acids in the rumen (Tanaka, 2005).  
Linoleic and α-linolenic acids are the major PUFAs in ruminant diets. The ruminal 
biohydrogenation pathway consists of two major transformation steps (Dawson et al., 1977). 
The first transformation step is the hydrolysis of ester linkages catalysed by microbial lipases 
leading to production of free fatty acids. The second transformation is ruminal 
biohydrogenation of the unsaturated fatty acids. The bacterial isomerisation and 
biohydrogenation of these acids in the lipid metabolism of ruminal microorganisms produce 
important precursors of CLA, and CLAs (as intermediates) before the final end product, 
stearic acid, is formed. Isomerisation of linoleic acid C18:2 in the rumen is the predominant 
pathway for generation of cis-9, trans-11 CLA isomer which is an intermediate in 
biohydrogenation of linoleic acid to stearic acid C18:0. (Parodi, 1977) . The bacteria in rumen 
play a critical role in the biohydrogenation process. No single rumen bacterium is able to 
catalyse the full metabolism from unsaturated fatty acids to saturated stearic acid C18:0. 
Butyrivibrio fibrisolvens has been reported to be one of the main bacterium capable of partial 
biohydrogenation (Kepler et al., 1966). It has the ability to form cis-, trans- double bonds by 
isomerizing cis- double bonds of unsaturated fatty acids and hydrogenating the conjugated 
fatty acids, as they express CLA reductase and linoleate isomerase enzymes. The end product 
from Butyrivibrio fibrisolvens as the catalysing bacterium is trans-11 C18:1. Another group of 
ruminal bacteria then uses the trans-11 C18:1 as the main substrate and hydrogenates it to 
stearic acid C18:0, the final product. The flow diagram below, figure 2.6 summarises lipid 




Figure 2.6 Generation of CLA in ruminants. Pathway 1- desaturation of trans-fatty acids & Pathway 2 - bacterial 
isomerisation and biohydrogenation of CLAs. Permission to use granted by author. Source: (Tanaka, 2005). 
Research in recent years has shown a closely linear relationship between trans-vaccenic acid 
(trans-11 C18:1) and cis-9, trans-11 CLA (Jahreis et al., 1997). This has been linked to 
intermediates that have escaped complete biohydrogenation in the rumen as explained in 
figure 2.6 (Tanaka, 2005). This may account for the alternative CLA source in tissues and 
rumen products. Kinetic studies on enzyme Δ⁹ desaturase on rat liver showed that trans-11 
C18:1  was desaturated to cis-9, trans-11 CLA (Pollard et al., 1980). Due to the highly linear 
relationship between trans-vaccenic acid (trans-11 C18:1) and cis-9, trans-11 CLA, Knight et 
al, (2004)(Knight et al., 2004) concluded that desaturation of trans-11 C18:1 is a major source 




2.3.3.2 Analytical techniques for CLA determination in food products  
The analytical techniques and capabilities for CLAs are continually improving. Early studies 
have used GC (gas chromatography) (Ha et al., 1990; Ip et al., 1994) and HPLC (High 
Pressure Liquid Chromatography) (Ha et al., 1990). The use of triple column silver ion HPLC 
is a more recent technique. It is an ideal technique for separation and quantitation of CLA 
isomers due to its high resolving abilities. Another novel technique is use of 
1
H NMR 
(Nuclear Magnetic Resonance) and 
13
C NMR. The use of NMR is on the rise because it has 
the ability to offer qualitative and quantitative information on CLA in rapid time with less 
required sample preparations. The analytical techniques will be discussed in further detail 
below.  
2.3.3.2.1 Traditional analytical techniques using GC-FID 
Gas chromatography is by far the most common method and is recommended (AOCS 1994) 
in studying, identifying CLA in samples and composition of individual isomers (Christie et 
al., 2007). The first step is preparation of fatty acid methyl esters. Base-catalysed methylation 
has been recommended ahead of the acid–catalysed technique due to the potential 
isomerization of cis-, trans- to trans-, trans- formation and ultimate loss of CLAs (Shantha, 
1993). Identification of the isomers can be done on methyl ester derivatives using mainly a 
100 m or 50 m polar capillary column coated with 100% cyanopropyl polysiloxane (for 




) (Christie et al., 2007). A typical run using a 100 m 
capillary column CP Sil 88
TM 
 by Roach et al., (2000) on cheese to analyse the CLA, involved 
a temperature hold at 75°C for 2 minutes (the initial low temperature is to allow small chain 
fatty acids to separate). This was followed by increasing the temperature at a rate of 
5°C/minute to 180°C and a temperature hold for 33 minutes. This was followed by a 
temperature increase of 4°C/minute until 225°C and another hold for 44 minutes. The study 
showed the significance of temperature programming to affect separation of the CLAs and 
other fatty acids. It was shown that at different temperature programming, isomers such as 
cis-8, cis-10 CLA had the potential to co-elute with C21:0 FAME (Roach et al., 2000). 
In cases of analysing the total CLA content with no requirement of separating different 
isomers, a CP-Wax 58
TM 
column can be utilized. It has medium polarity and CLA can be 
picked up in the region between C18:3n-3 and C20s FAME elution.  
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GC-FID is a useful technique/equipment in total CLA content quantitation and establishment. 
The disadvantage is the potential misidentification of peaks and inability to resolve all cis / 
trans fatty acid isomers eluting at the same times as CLAs, see figure 2.7. 
 
Figure 2.7 Spectra for commercially made CLA methyl esters chromatographed on a CP-Sil 88 (100m x 0.25mm x 
0.2µm silica capillary column ,GC-FID. Permission to use granted by author. Source:(Christie et al., 2007). 
2.3.3.2.2 Analysis of CLA using GC-FID + Ag+ HPLC 
Ag
+ 
HPLC has been developed to resolve CLA isomers on the basis of chain length, double 
bond position and configuration of functional fatty acid (Rodríguez-Castañedas et al., 2010). 
Ag
+ 
ions form complexes with pi electrons in the column with sample. The higher the pi 
electrons in sample, the stronger the molecule retention in column. This is also affected by 
the double bond configuration, with trans double bonds having less retention strength. The 
ChromSpher Lipids
TM




The use of Ag
+ 
HPLC has been shown to provide better resolution than GC and reverse phase 
HPLC. Recent work has shown that the best method of analysing CLAs in food products is 
using a combination of GC-FID + multi column-in-series Ag
+ 
HPLC with photodiode 
detection (de la Fuente et al., 2006). This allows determination of total CLA content by GC-
FID and the multiple Ag
+ 
HPLC separation of isomers. Base catalysed FAMEs are highly 
recommended for the determination by GC-FID + Ag
+ 
HPLC to avoid isomerisation and 
artefact formation (Christie et al., 2007). The use of the two techniques in tandem have 
resulted in several isomers (trans-7, cis-9 CLA from trans-8, cis-10 CLA and trans-10, cis-12 
CLA from cis-9, trans-11 CLA) being resolved in a cheese product study. The main 
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disadvantage of this protocol is the lengthy, time consuming process. There are several steps 
involved and as such, errors and recovery of the esters can be an issue. 
2.3.3.2.3 Proton nuclear magnetic resonance (1H NMR) 
1
H NMR spectroscopy was first reported as a quantitative analysis tool in 1963 by Jungnickel 
& Forbes., (1963). It was used for analysing intramolecular ratios in organic pure samples. 




NMR was used for analysing aspirin and caffeine in their respective 
mixtures by Hollis and colleagues (Schweizer et al., 1968). Lately 
1
H NMR has been used as 
a novel technology in food structure analysis including analysing lipid oxidation in food 
products, metabolite identification, and analysis of water dynamics in food products. Using 
low field 
1
H NMR is of main interest in analysing and quantifying CLA isomers in foods 
(Bharti & Roy, 2012). 
2.3.3.2.3.1 Basic principle of quantitation by 1H NMR  
The most important fundamental principle is that the NMR spectrum (integrated signal area) 
is directly proportional to the number of nuclei responsible for generating the corresponding 
resonance line (Bharti & Roy, 2012).  
𝐼𝑥α𝑁𝑥    (1) 
𝐼𝑥 = k𝑁𝑥   (2) 
where k = spectrometer constant, Ix = integration area, Nx = number of nuclei 
k is affected by pulse excitation, repetition time and broadband decoupling that is responsible 
for distortion in the intensity of the nuclear overhauser effect (transfer of nuclear spin 
polarization from one nuclear spin population to another via cross-relaxation) (Jie & Marcel, 
2001). 
There are two ways of quantitating analytes by quantitation 
1
H NMR, namely Relative and 
Absolute methods. Relative quantitation method uses the molar ratio between compounds as 









    (3) 













 x 100%  (4) 
The absolute quantitation method can be a two analytical step process in ascertaining analyte 
concentration. First procedure: if all impurities can be measured quantitatively then the assay 
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is just the difference from 100% values (Malz & Jancke, 2005). However when impurities 
overlap on the spectrum with the compound of interest, the purity of the analyte is calculated 













 PSTD   (5) 
Where Ix = integration area, Nx = number of nuclei, 𝑀𝑥=molar mass of analyte, 𝑚𝑆𝑇𝐷= 
gravitational weight , Px is the purity of analyte. 
2.3.3.2.3.2 CLA analysis in food and advantages of 1H NMR over other analytical techniques 
The application of 
1
H NMR in quantitating CLA is a fairly novel technique but is growing 
rapidly in use. Manzano et al., (2010) developed a method of rapid analysis of CLA in beef 
using 
1
H NMR obtaining a strong correlation of results obtained with the traditional GC 
technique. Using a 400 MHz spectrometer they were able to quantify the CLA by integrating 
areas at 6.30 and 5.90 ppm using the glycerol peak at 4.2 ppm as the internal standard. The 
peak signals tallied up with expected regions as shown in figure 2.7 below (Knothe & Kenar, 
2004) 
 
Figure 2.8 1H NMR spectra of pure cis-9, trans-11 CLA. Permission to use granted by author. Source: (Knothe & 
Kenar, 2004). 
The procedure was found to be 10 times faster than using GC analysis with no destruction of 
starting sample as the deuterated chloroform was easily evaporated and the original sample 
retained. 
CLA content in select Canadian cheeses was also analysed with 
1
H NMR spectroscopy with a 
correlation coefficient of 0.948 with GC analysis (Prema et al., 2013). The study was done 
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using the absolute quantitation method with an internal standard dimethoxyethane (DME). 
Although they were not able to separate the isomers they were able to get consistent total 
CLA content in the various cheeses. They also confirmed that cheese from grass fed cow 
milk had the highest CLA content (Prema et al., 2013). The studies confirmed the advantages 
of using 
1
H NMR for quantitation, having minimal sample preparation and the ability to get 
quicker results for CLA. Another advantage of 
1
H NMR spectroscopy is its application in the 
quantitation of purity of compounds without using any specific reference standard as shown 






3 Effect of rigor temperature, ageing and display time on meat quality 
parameters and lipid oxidative stability of hot boned beef SM muscle 
3.1 Introduction  
Several studies have examined the effect of rigor temperature on meat quality attributes 
(Bekhit et al., 2007; Farouk & Swan, 1998b; Geesink et al., 2000). The temperature at which 
muscle attains rigor mortis has a significant effect on quality of meat. Studies have shown 
that the rate of glycolytic processes in muscle is increased with an increase in rigor 
temperature (Hertzman et al., 1993) and as such, there is a rapid decline in pH due to lactic 
acid accumulation. These conditions are reported to create protein denaturing conditions in 
the muscle which in the end give PSE-like meat characteristics (Matthews, 2011; Thompson 
et al., 2005; Warner et al., 2014). High rigor temperatures (>25°C) have been reported to 
have an adverse impact on one of the most important quality attribute, meat tenderness 
(Hertzman et al., 1993). It has been reported that along with a high rigor temperature and 
rapid pH decline there is a rapid decline of µ-calpain activity and stability is significantly 
compromised (Geesink et al., 2000). Heat shortening, which results in tough meat, is one of 
the reported negative impacts of high rigor temperature (Rees et al., 2002a). Despite the 
negative impacts of high rigor temperature on meat tenderness, lightness (L*) of red meats 
have been reported to improve with increased rigor temperatures (Farouk & Swan, 1998b; 
Kim et al., 2014). Most of the reported studies were focused on longissimus et lumborum 
muscle as it is the most important commercial muscle and little attention was given to other 
metabolically different muscles. Furthermore, the impact of rigor temperature on lipids, 
cholesterol and their degradation was rarely reported. The present study aimed to fill this gap 
by investigating the effect of rigor temperature on the eating and keeping qualities of hot 
boned beef semimembranosus (SM) muscle at varying ageing and display times. Also, the 
effect of rigor temperature, ageing and display time on lipid oxidation was investigated. Lipid 
oxidation is a major primary mechanism of quality deterioration in meat. The deterioration in 
meat quality is manifested by negative changes in meat flavour, colour and possible 
formation of toxic compounds, which lead to reduced shelf life (Gray et al., 1996). In the 





NMR was used to monitor the change in oxidation rate by analysis of the relative change of 
aliphatic to olefinic proton ratio (Rao) and the aliphatic to diallylmethylene proton ratio (Rad) . 
The olefinic proton moles were also determined for each ageing and display time sampling 
point. Lipid oxidation was also assessed by following the changes in polyunsaturated fatty 
acids (PUFA) and the use of gas chromatography flame ionisation detection (GC-FID). 










3.2.1 Meat samples and treatments 
Topside (SM) muscle cuts were obtained from 6 heifers raised on pasture with an average 
hot-carcass weight of 278.9 ± 28.4kg. The animals were slaughtered in an export licensed 
meat processing facility (Alliance Group, Pukeuri plant, Oamaru, New Zealand), hot boned at 
45mins post-mortem and processed within 2 hrs. Muscles from right and left top sides of each 
animal were divided into anterior and posterior samples. This division yielded 4 samples 
from each animal. Randomisation of the samples ensured equal distribution of the 4 
treatments. Table 3.1 illustrates the randomization of the samples for rigor temperature 
analysis.  
Table 3.1 Randomized distribution of hot boned SM samples for rigor temperature treatments. 
Rigor temperature 
5°C 15°C 20°C 25°C 
1A 1B 1C 1D 
2B 2C 2D 2A 
3C 3D 3A 3B 
4D 4A 4B 4C 
5A 5B 5C 5D 
6B 6C 6D 6A 
 
The samples were packed into labelled plastic bags and transferred into 5°C, 15°C, 20°C or 
25°C incubators until rigor attainment. The pH of the samples was monitored at 60 min 
intervals until the ultimate pH was reached. After the incubation period, the muscles were 
each cut into 4 pieces, weighed, vacuumed packed, randomly assigned 4 different storage 
times (3, 7, 14 and 21 days) and stored at 4°C until the desired ageing time was reached. 
After the designated ageing time, the samples were each sliced into two weighted portions; 
one portion was assessed to determine pH, conductivity, purge loss, shear force, cooking loss, 
and colour analysis measurements. The samples for shear force measurements were frozen at 
-20°C for analysis within 2 weeks. The second portion was used to examine colour and lipid 




Figure 3.2 Aged beef SM muscles on display at 4°C for 7 days. Samples were placed in polystyrene trays and 
wrapped with oxygen permeable polyvinylchloride film (O2 permeability > 2000 mL.m
-2.atm-1. 24 h-1 at 25°C) (AEP 




3.2.2 Reagents and chemicals 
Chemicals and reagents were all of analytical grade. Trichloroacetic acid (TCA), 
tetraethoxypropane, and potassium hydroxide were purchased from Thermo Fisher Scientific 
(Waltham, MA, USA). Butylated hydroxytoluene (BHT), Boron trifluoride (BF3) –14% in 
methanol, tridecanoic acid (C13:0) standard (99.8%) were from Sigma Aldrich Inc., St Louis, 
Missouri, USA. Methanol and diethyl ether were from Riedel-de Haen, Seelze, Germany. 
Trichloromethane, Sulphuric acid (H2SO4) and hydrochloric acid HCl (32%) were from 
Fisher Scientific, England. Sodium chloride was from BDH Chemicals, Poole England.  
3.2.3 Instruments and Equipment 
The incubators (Jeiotech1B 15G, ACOM Scientific Ltd, NZ) were manually adjusted to the 
experimental pre-rigor temperatures required for the study. The puncture pH electrode Inlab 
427 was from Mettler-Toledo Process Analytical Inc, Wilmington, MA. It was attached to the 
pH meter Hanna HI 9025 from Hanna Instruments, Woonsocket, RI. The electrical 
conductivity meter was from LF-Star Matthaus, Pottmes, Germany. The electronic balance 
was from Kern & Sohn GmbH, ABT-4M, Balingen, Germany, and the POLYTRON® 
system homogeniser (used for TBARS secondary lipid oxidation analysis) was from 
Kinematica AG Switzerland. The Ultraspec 3300 pro spectrometer was from Amersham 
Biosciences Corporation (Amersham, UK). The CPR centrifuge was from Beckman Couter, 
Inc. (California, USA). The milli-Q water reference water system production unit was from 
Millipore Corporation (Billerica, MA, USA). The vortex mixer was from Cenco Instruments, 
Breda, Netherlands. Gas chromatography-flame ionisation detection (FID) was an Agilent 
6890N (Agilent Technologies Inc., USA). The GC-FID column used was a BPX70 capillary 




3.3 Methods  
3.3.1 pH analysis 
The pH of the meat samples was measured using a puncture pH meter every hour during 
post-mortem incubation until the ultimate pH of the meat was reached. The pH was also 
measured directly after storage (4°C) at 3, 7, 14 and 21 days. 
3.3.2 Electrical conductivity  
The electrical conductivity of the samples was measured after storage (4°C) at 3, 7, 14 and 21 
days ageing time using a hand held conductivity meter. 
3.3.3 Purge loss  
Purge loss during vacuum packing storage was measured at 3, 7, 14 and 21 days of ageing 
time.  The weight of the meat post-storage was compared to the weight of the meat prior to 
storage. After ageing time, the meat samples were patted dry with paper towels before 
weighing. Purge loss was calculated as a percentage using the formula below: 
Purge loss (%) = (
(𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑡𝑜𝑟𝑎𝑔𝑒−𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑡𝑖𝑚𝑒)
𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑡𝑖𝑚𝑒
) X 100 % 
3.3.4 Vaccum packing of meat 
After ageing for 3, 7, 14 and 21 days at 4°C, the samples were vacuum packed again and 
stored at -20°C; further analysis was performed within 1-2 weeks of frozen storage time. 
3.3.5 Cooking loss 
The samples were thawed at 2°C overnight and cooked individually in plastic bags immersed 
in a water bath at 80°C until the internal temperature reached 75°C as measured by 
temperature probes. The cooked meat was cooled on ice, blotted dried by paper towels and 
weighed. The cooking loss was expressed as a percentage and calculated by the formula 
below. 
Cooking loss (%) =(
(𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑜𝑘𝑖𝑛𝑔−𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑜𝑘𝑖𝑛𝑔)
𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑜𝑘𝑖𝑛𝑔
) X 100 % 
3.3.6 Shear force  
Shear force was determined using a MIRINZ tenderometer as described by Chrystall and 
Devine (1993).The cooked samples were sliced parallel to the muscle fibre axis to produce 6 
subsamples with a dimension of 10 mm x 10 mm cross section. The subsamples were each 
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sheared on a MIRINZ tenderometer with a wedged shaped tooth and the peak shear force was 
recorded. The values were converted to Newtons using the following formula. 
Shear force (N) = {[(0.2035 x shear force/kPA) - 2.2945] x 9.8 
3.3.7 Colour analysis 
Objective colour measurements were obtained as described by Bekhit et al., (2007). After 
stipulated ageing times, the beef SM muscle samples were placed in polystyrene trays and 







 at 25°C) (AEP FilmPac Ltd, Auckland, New Zealand). Samples were displayed 
under cool fluorescent light (1,076 lux). Colour measurements were taken at 24, 72, 120, and 
168 hours (1, 3, 5 and 7 days) of display time at 4°C using a HunterLab colorimeter (model 
45/0-L, Hunter Associates Laboratory Inc., Reston, VA). Calibration of the colorimeter was 
done using a black standard tile and a white standard tile C2-36852. Measurements were CIE 
L*, a*, b* values using illuminant C and a 10° observer with an aperture size 2.5 cm and the 







and hue angle (HA=tan
-1 
b*/a*) were calculated. The browning indices parameters, colour 




3.3.8 Lipid oxidation analysis-TBARS 
The thiobarbituric acid reactive substances (TBARS) assay was used in determining the 
extent of lipid oxidation as described by Nam and Ahn (2003). TBARS were measured at the 
designated ageing time and after 7 days (168 hours) of display time. Meat samples (3g) were 
placed in 50 ml tubes and homogenised with 9 mL of deionised distilled water (DDH2O) 
using a Polytron homogeniser at 14,000 rpm for 30 seconds. Meat homogenate (1 mL) was 
transferred to a 10 mL Falcon tube; 50 µL butylated hydroxytoluene (BHT, 7.2% w/v in 
ethanol) and 2 mL thiobarbituric acid/trichloroacetic acid (20 mM TBA in 15% TCA, (w/v)) 
solution were then added and the mixture vortexed for 30 seconds. The samples were 
incubated in a water bath at 90°C for 30 minutes for colour development. The samples were 
cooled in cold slurry of ice water for 10 minutes. The samples were vortexed (30 seconds) 
and centrifuged at 3500 rpm for 15 minutes at 5°C. The absorbance of the resulting 
supernatant was read at 531 nm against a blank prepared with 1 mL DDH2O and 2 mL 
TBA/TCA solution. The amount of malondialdehyde (mg.kg
-1
) in the sample was determined 
by 
Mg MDA/ kg meat = A@531 ÷ E x 72.063/100 x dilution factor  




Molar mass of malondialdehyde = 72.063g.mol
-1 
gMDA/ sample volume is g of MDA in the volume of the meat slurry tested. 
3.3.9 Lipid extraction for 1HNMR lipid oxidation analysis and GC-FID 
Lipid extraction was performed as described by Folsch et al. (1957). Meat samples (100g) 
were cut into small pieces and extracted in an Omnimixer with 200 mL chloroform/methanol 
(2/1 v/v) in a 1.9L/ (
1
2
 gallon) Mason jar. After dispersion, the whole mixture was agitated for 
20 minutes in an orbital shaker at room temperature. The homogenate was then filtered 
through a funnel with Celite 545 with a folded filter paper. The solvent was washed with a 
0.9% NaCl solution. The samples were vortexed for 30 seconds and the mixture was 
centrifuged at 2000 rpm for 5 minutes to separate the two phases. After centrifugation and 
siphoning of the upper phase, the lower chloroform phase containing lipids was evaporated 




3.3.10 1H NMR analysis 
1
H NMR spectra were acquired using a Bruker Avance 400 spectrometer (Chemistry 
Department, University of Otago) operating at 400 MHz. Each lipid sample, weighing 30 mg 
was mixed with 650 µL of deuterated chloroform (purity 99.8%) and a small proportion of 1, 
4-dioxane as an internal reference; this mixture was introduced into a 5 mm diameter tube. 
The acquisition parameters were: spectral width 5000 Hz, relaxation time 3 s. Spectra were 
recorded at room temperature with 65536 data points where the number of scans was 128, 
acquisition time was 1.6 s and a pulse width of 80° with a total acquisition time of 21 min 27 
s. Exponential line broadening 0.30 Hz, automatic phase correction and baseline correction 
were applied to each spectrum. The assignment of the signals integrated and used for lipid 
oxidation analysis was made as described in previous studies (Guillén & Ruiz, 2004) and is 
given in Table 3.2. 
 
Table 3.2 The chemical shifts for functional groups integrated to monitor lipid oxidation in beef SM muscle using 1H 
NMR sources (Guillén & Ruiz, 2004; Guillén & Ruiz, 2006) 
Signal  Functional group  Source 
1.45-1.20ppm -(CH2)n- (acyl group) (Guillén & Ruiz, 2006) 
 2.84-2.70ppm =HC-CH2-CH= (acyl group) 
5.40-5.26ppm -CH=CH- (acyl group) 
The ratios for Rad and Rao were obtained as follows; 
Rad =  
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑑𝑖𝑎𝑙𝑙𝑦𝑙𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙
  
Rao =  
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑜𝑙𝑒𝑓𝑖𝑛𝑖𝑐  𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑝𝑟𝑜𝑡𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙
 
3.3.11 Fatty acid methyl esterification (FAME) of lipid from beef SM muscle 
A modified method of Van Wijngaarden, (1967) was used for fatty acid methylation. Lipid 
from beef SM sample (15 mg) was thoroughly dissolved in 10 mL of hexane, and 2 mL was 
transferred into a glass tube. A 2 mL aliquot of 0.5 N methanolic KOH (prepared by adding 
5.6 g of KOH into 200 ml methanol with 15 min stirring) was added into the glass tube and 
heated for 20 min at 80°C. Diethyl ether (2 mL) and 5 mL of water were added to the glass 
tube and the two phases were separated. The diethyl ether layer (upper phase) was discarded. 
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A few drops of HCI were added until the solution was acidic as assessed by litmus paper. A 2 
mL aliquot of diethyl ether was subsequently added into the glass tube.  
Two layers of separation were formed and the top diethyl ether layer was collected. Boron 
trifluoride (BF3; 1mL, 14% in methanol) was added into the new glass tube and heated for 20 
min at 80°C. Saturated NaCl (5 mL) was added to the cooled solution and vortexed for 1 min. 
The two phases were separated and the FAME phase (upper phase) was collected into a vial 
for GC analysis (Van Wijngaarden, 1967). 
3.3.12 GC analysis on FAMEs 
FAMEs were separated using a BPX-70 capillary column (100 m x 0.22 mm i.d; 0.25 µm 
film thickness). The gas chromatographic system consisted of a 6890N GC equipped with an 
autosampler (HP7673) and ChemStation integration. The column oven was held at an initial 
temperature of 165°C for 52 min, and then increased at a rate of 5°C.min
-1
 to a final 
temperature of 210°C for 59 min (total run time 120 min). Both the injector and flame 
ionization detector ports were at 250°C. Carrier gas flow (helium) was maintained at 1.0 
mL.min
-1
 (linear gas velocity 0.2 m.s
-1
) throughout the temperature program with an inlet 
split ratio of 30:1. 
Fatty acid peaks were identified by matching retention time with authentic standards. A 
composite standard was made from commercially available methyl esters (NuCheck Prep, 
Elysian, Minnesota and Sigma, St. Louis, Missouri). 
3.3.13 Statistical analysis 
Data for pH, conductivity, purge loss, cooking loss, shear force, and lipid oxidation analysis 
by proton NMR were tabulated in Microsoft excel spreadsheets. All the samples analysed for 
lipid oxidation analysis using GC and NMR were carried out in duplicate. Analysis of 
variance (ANOVA) was carried out using Minitab (version 16.2.4). A general linear model was 
used to determine the effects of rigor temperature, storage time and their interaction on the 
measured parameters. Significant differences among mean values were determined at a 5% 




3.4 Results and discussion 
3.4.1 Effect of rigor temperature and ageing time on pH and meat conductivity of hot 
boned beef SM muscle 
3.4.1.1 pH 
Meat quality is influenced to a large extent by the rate of pH decline in the muscles 
immediately after slaughter, and by the ultimate pH (pHu ). In this study, incubation of beef 
SM muscle at 20°C and 25°C pre-rigor temperatures resulted in the most rapid pH decline 
(Figure 3.3).The pH decline at the 15°C incubation temperature was fairly rapid and at 5°C 
was the slowest. The rate of pH decline decreased with a decrease in the pre-rigor 
temperature showing that it was temperature-dependent (Hertzman et al., 1993). The rapid 
decline at 20°C and 25°C compared to other incubation temperatures reflected the accelerated 
rate of glycolysis at the higher temperature. These results were in agreement with work 
reported by Jeacocke (1977) and (Farouk & Lovatt, 2000) on beef muscles. The same trend 
was reported for venison longissimus dorsi muscle (Bekhit et al., 2007) and lamb (Geesink, 
Bekhit et al., 2000). Both 20°C and 25°C treated SM muscles reached their ultimate pH after 
9 h of incubation whereas the samples incubated at 5°C reached ultimate pH at 24 h 
postmortem. At 5°C the glycolysis process is slower, reflecting the time required for the 
glycolysis reaction to run to completion (Jeacocke, 1977).  
 
Figure 3.3 Effect of pre-rigor temperature, (5, 15, 20 and 25°C) incubation of hot boned beef SM muscle on the pH 
decline during post-mortem time. 
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The 25°C and 20°C (pH 5.50 and 5.52, respectively) incubated beef SM muscle samples had 
lower (p < 0.05) ultimate pH (pHu) values compared to 15°C and 5°C (5.59 and 5.69 
respectively). This is in agreement with results on beef muscle incubation at different pre-
rigor temperatures reported by Marsh (1954) & Farouk et al., (1998). The differences in pHu 
may again be due to higher glycolysis rates at high temperatures (Bendall, 1972; Jeacocke, 
1977). There is also a possible effect of glycolysis by-products on the enzymes involved in 
the glycolysis process that hindered the enzyme activity at 5°C (Berg et al., 2002). 
Ageing time also had an effect on pH (p < 0.01). At 3 days post-mortem, the pH values were 
lower in comparison to the at-rigor values for all treatments (p < 0.05). This trend was 
observed with venison LD muscle under similar treatments (Bekhit et al., 2007). The day 3 
and 7 aged samples were however not statistically different. The pH for the subsequent post-
mortem ageing time (day 14) increased for 5, 15 and 20°C treatments (Figure 3.4). The 
increase in pH could be attributed to the proteolysis of muscle proteins resulting in increased 
free amino acid and dipeptides like carnosine which are well known for their buffering 
abilities (Braggins et al., 2004; Braggins et al., 1999). Braggins et al. (1999) observed similar 
increases in pH with ageing time in sheep meat and concluded that the change was due to an 
increase in basic amino acids relative to the acidic free amino acids. The same trend was 





(Mean ± SEM, n=6;abcd Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.4 Effect of ageing (3, 7, and 14 Days) on the pH of hot boned beef SM muscles incubated at rigor 
temperatures of 5, 15, 20 and 25°C (day 21 samples were not analysed).  
3.4.1.2 Conductivity 
Electrical conductivity at 3 day post-mortem time was increased with the increase in rigor 
temperatures (p < 0.001) (Figure 3.5). Only the conductivity of 5°C treatment samples was 
increased with ageing time (p < 0.001), whereas the conductivity at the elevated temperatures 
(15-25°C) was similar over the aging times. This is likely due to the effect of endogenous 
processes in the muscle causing cellular damage during the ageing process itself. 
Conductivity describes the ease at which ionic species move in the cellular level matrix. This 
ionic species movement is normally inhibited by an intact cellular membrane (Lebovka et al., 
2002). The increased conductivity values with ageing time suggest an increased flow of 
electrolytes within the meat muscle structure showing an increase in cellular membrane 
permeability (Byrne et al., 2000). The relationship between rigor temperature and ageing time 
together was found to impact the conductivity (p < 0.05). Meat samples incubated at 5°C 
rigor temperature and aged for 3 days showed the lowest conductivity, but as the ageing time 
increased the conductivity of these samples was increased. The most noticeable significant 
increase was found in samples incubated at 5°C rigor temperature at days 3 and 21, where a 
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3.83 mS rise in conductivity was recorded. Rigor temperatures of 15°C, 20°C, and 25°C did 
not show any differences over the ageing time indicating a maximum permeability was 
achieved as a result of incubation at elevated temperatures (Figure 3.5). 
 
(Mean ± SEM, n=6;abcd Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.5 The effect of rigor temperature and ageing time on electrical conductivity of hot boned beef SM muscles. 
3.4.2 Effect of rigor temperature and ageing time on purge loss on hot boned beef SM 
muscle 
Purge loss refers to fluid exudation that occurs during the ageing process. It is one of the most 
important markers of water holding capacity and amount of unbound water in meat (Huff-
Lonergan & Lonergan, 2005). Purge loss also has a negative impact on production economics 
of the meat industry as it results in weight loss. In addition to weight loss, purge loss can 
contribute to the loss of a significant amount of sarcoplasmic protein and many other 
functional properties of meat (Offer & Knight, 1988). 
In the current study, rigor temperature did not have an effect on the purge loss (p>0.05). On 
the contrary other researchers have found increased purge loss with an increase in rigor 
temperature. Farouk and Swan (1998) and Fernandez et al, (1994) reported that beef ST and 
pork LD muscles exhibited significant increases in purge loss with increases in rigor 
temperature respectively. However, others studies on pork LTL muscle showed a decrease in 
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purge loss with an increase in rigor temperature (Rees et al., 2002b). The results of the 
present research are in agreement with those reported by Bekhit et al. (2007). In venison LD 
muscle there were no differences in purge loss within the rigor temperature range of 0-35°C. 
It is important to register that the effect of rigor temperature on purge loss is possibly affected 
by the animal species and muscle type (Bekhit et al., 2007).  
Ageing time did have an effect on purge loss (p < 0.001). As shown in figure 3.6, there is a 
gradual increase in purge loss %, but only samples stored for 3 days (mean 1.93 ± 0.34%) 
were significantly different to those aged for 21 days (6.90 ± 0.34%). There were no 
significant differences between day 3, 7 and 14 ageing time samples. The purge loss in 
samples incubated at 25°C and aged for 21 days was mathematically higher than the other 
treatments but there were no significant differences among all treatments (Figure 3.6). The 
increase of purge loss with ageing time can be explained by the denaturation of muscle 
proteins; the WHC would decrease in-turn increasing the purge loss (Wiklund et al., 2001). 
This trend concurs with the conductivity results (section 3.4.1.2); conductivity increased with 
ageing time indicating increased membrane disintegration in muscle tissues with age thereby 
enhancing leakage and purge loss (Byrne et al., 2000). 
 
(Mean ± SEM, n=6;abcde Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.6 Predicted means of percentage purge loss for various rigor temperatures of hot boned beef SM muscle 
aged for 3, 7, 14 and 21 days.  
53 
 
3.4.3 Effect of rigor temperature and ageing time on cooking loss on hot boned beef 
SM muscle. 
Cooking loss is the water loss in meat muscle caused by meat shrinkage and protein 
denaturation induced by heating. This leads to water escaping the entrapment in the protein 
structure of the muscle (Cheng & Sun, 2008). Analysis of rigor temperature and the 
interaction of rigor temperature and ageing time showed no effect on cooking loss (Figure 
3.7). This is in agreement with previous work done on several animal species showing no 
effect of heat treatment on cooking loss (Devine et al 2002; Geesink et al 2000; Bekhit et al., 
2007; Molette et al 2003). Farouk and Swan (1998), however, found cooking loss decreased 
in fresh beef semitendinosus samples with an increase in rigor temperature. An effect of rigor 
temperature on cooking loss may be related to the muscle type, but further investigation is 
required.  
Ageing time increased cooking loss (p < 0.01). Cooking loss was lower at day 3 ageing time 
for 5, 15, 20°C treatments with a mean of 31.60 ± 0.61%. At days 7 and 14 ageing time, 
cooking loss increased to 37.91±0.61% and 38.86 ±0.61% respectively. The significant 
increase for 25°C treatment was observed between samples aged 3 and 21 days (32.20 ± 
0.61% to 38.48 ± 0.61%). The increased cooking loss during ageing is possibly due to the 
myofibrillar protein degradation by endogenous proteolytic enzymes with ageing. This 
disrupts the cellular matrix system thereby reducing the ability of the muscle to retain 
moisture increasing the cooking loss (Han et al., 1996; Kim et al., 2014).  
The relatively high cooking loss percentage in all muscles can be attributed to the low 
intramuscular fat (IMF) found in the meat samples. Beef SM muscles used in this study were 
lean (1.59% lipid content, determined from lipid extraction). This is supported by results 
reported Han et al. (1996) that showed lower cooking losses with high IMF content 
correlating with low fat content in meat. Muscle type is an important factor in determining 
cooking loss (Bekhit et al., 2007). For instance, LD muscle from native Korean beef is 
reported to have high IMF and lower cooking loss compared to ST muscle with lower IMF 




(Mean ± SEM, n=6;abcd Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.7 Predicted means of cooking loss for various rigor temperatures of beef SM muscle aged for 3, 7, 14 and 21 
days.  
3.4.4 Effect of rigor temperature and ageing on shear force of hot boned beef SM 
muscle 
Shear force values have a direct relationship with meat tenderness. An increase in shear force 
indicates a decrease in the tenderness of meat. The present study showed that there was no 
effect for rigor temperature on the shear force of beef SM (p = 0.24). Although rigor 
temperature did not have a statistically significant effect on the shear force, it is interesting to 
note that beef SM muscles incubated pre-rigor at 15°C attained relatively low mathematical 
shear force values. This is reportedly because of reduced muscle shortening when muscles are 
stored at a pre-rigor temperature of 15°C which is the optimal rigor temperature for meat 
tenderness (Devine et al., 2002; Geesink et al., 2000). There was increased proteolysis as a 
result of activation of µ-calpain and degradation of calpastatin (Devine et al., 2002) in LL 
muscle. Holding carcasses for up to 10 h at 15-16°C have been reported to decrease the shear 
force values thus increase meat tenderness by up to 40% compared to other incubation 
temperatures (Bouton et al., 1973).   
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Ageing time had an effect on shear force (p < 0.01). As shown by Figure 3.8, mean shear 
force was decreased with the increase in ageing time, but only for rigor temperatures 5, 15, 
25°C samples from day 3 to day 21 ageing times. The substantial decrease in mean shear 
force with ageing was possibly due to the myofibrillar protein degradation by endogenous 
enzymes, with mainly µ-calpain being the major enzyme involved (Koohmaraie, 1996). 
Other proteolytic systems found in the muscle may also be involved (Lepetit, 2008). The 
mean shear force was however not significantly different for day 3, day 7 and day 14 ageing 
times. Ageing of meat is a useful, common practice in the meat industry as it increases the 
tenderness (Silva et al., 1999). 
 
(Mean ± SEM, n=6;abc Column bars with different superscripts are significantly different at p <0.05 ) 





3.4.5 Effect of rigor temperature, ageing and display time on colour of hot boned SM 
muscle 
3.4.5.1 Lightness, L* 
Colour is one of the most important attributes of meat by which consumers use to assess 
quality before purchase. For red meat like beef, lamb and venison, a bright cherry-red colour 
is associated with quality, fresh, edible meat (Kim et al., 2014). Lightness (L*) is an 
important parameter in colour perception. In this study lightness was affected by rigor 
temperature (p = 0.012), ageing (p < 0.01), and display time (p < 0.01). Interactions such as 
post-mortem time* display time, post-mortem *rigor temperature * display time did not have 
an effect on the meat lightness.  
L* tended to increase with an increase in rigor temperature (figure 3.9). The only significant 
difference was between the 15 and 25°C treated samples where the latter had higher lightness 
values (p <0.012). This could be explained by the shrinkage of myofibrils as the rigor 
temperature increased and moisture was released to the sample surface in turn leading to 
increased light scattering (Farouk & Swan, 1998a; MacDougall, 1982; Offer et al., 1989). 
This possibly explains the higher L* seen at higher rigor temperatures 20 and 25°C. 
 
(Mean ± SEM, n=6;ab Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.9 Predicted mean lightness L* values of beef SM muscle samples incubated at different rigor temperatures.  
Lightness (L*) increased with the increase in ageing time (p<0.01). The SM muscle became 
lighter with ageing time. As shown in figure 3.10, meat samples aged for 3 and 7 days did not 
57 
 
show much difference but both were significantly lower than meat samples aged for 14 and 
21 days. The increase in L* can be attributed to protein structure modification giving higher 
light reflection due to reduced WHC (Joseph & Connolly, 1977). 
 
(Mean ± SEM, n=6;abcd Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.10 Predicted means of lightness L* for various rigor temperatures of beef SM muscle aged for 3, 7, 14 and 
21 days.  
In both 3 and 7 days ageing time sample groups, there was a decrease in lightness with 
display time (Figures 3.11A and B) (p<0.01). There was still low purge loss (see section 
3.4.2, p<0.01), and higher WHC; lower moisture losses will have contributed to the low light 




Superscripts not added to avoid clustered presentation. 
Figure 3.11 Predicted means of Lightness L*during display time for samples from hot boned beef SM muscle aged for 
3 days (A), 7 days (B), 14 days (C), and 21 days (D).Superscripts not added to avoid clustered presentation. 
Lightness L* fluctuated over the display period for samples aged 14 (Figure 3.11C) and 21 
days (Figure 3.10D). This can be partly attributed to lipid oxidation. The ageing and display 
process may increase muscle protein denaturation leading to more purge loss and ultimately 
higher light scattering accounting for some L* increases (Brewer & Harbers, 1991; Farouk & 
Swan, 1997). 
3.4.5.2 Redness (a*) 
Redness marginally increased (p = 0.027) with an increase in rigor temperature (figure 3.12). 
This can be attributed to decreased oxygen consumption rates in muscle at higher rigor 









(Mean ± SEM, n=6;ab Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.12 Predicted mean Redness (a*) values of beef SM samples incubated at rigor temperatures 5, 15, 20 and 
25°C (p = 0.027).  
Ageing time and display time both had an effect on a* (p < 0.01). The interaction of ageing 
time and rigor temperature had an effect on redness of beef SM muscles (p < 0.05). The meat 
samples aged for 3 and 7 days had higher mean a* values compared to 14 and 21 days. This 
could be due to the reduced mitochondrial respiration and oxygen consumption after 7 days 
of vacuum package storage (Bendall, 1972; DeVore & Solberg, 1974).  
The a* values of all treatments decreased with display time (p < 0.01). At the start of display 
time, samples with the highest a* were those aged for 3 days, with rigor temperatures of 20 
and 25°C (figure 3.13A). Among samples aged 7 days, (figure 3.13B) there was little 
variation between the rigor temperature treatments. The same trend of decreasing a* values 
with display time was observed. This decrease can be attributed to increased lipid oxidation 
due to the exposure of the samples to aerobic conditions (Bekhit et al., 2007). The large 
decrease in a* values of 14 and 21 day aged samples during display (see figure 3.13C and 
3.13D) (p < 0.001) can be explained by the highly reduced metmyoglobin reducing enzyme 
activity; this would lead to the accumulation of metmyoglobin and hence lower a* (Farouk & 




Superscripts not added to avoid clustered presentation. 
Figure 3.13 Predicted means of redness a* values during 7 days of display time for samples from hot boned beef SM 




3.4.5.3 Yellowness, b* 
Rigor temperature did not have an effect on b* (p = 0.141). The b* values decreased with 
both ageing and display times (p < 0.001). 
 
Superscripts not added to avoid clustered presentation. 
Figure 3.14 Predicted means of yellowness b*values during 7 days of display time for samples from hot boned beef 




3.4.5.4 Chroma, C 
Chroma C was affected by ageing and display time (p < 0.001), however rigor temperature 
did not affect C. C values decreased with both ageing and display time. 
 
Superscripts not added to avoid clustered presentation. 
Figure 3.15 Predicted means of chroma C values during 7 days of display time for samples from hot boned beef SM 




3.4.5.5 Hue Angle (h) 
Hue angle values were affected by rigor temperature, ageing time and display time (p < 
0.001). There were significant interactions for ageing time and display time (p < 0.02) and 
between ageing time and rigor temperature (p = 0.014). There was also a significant 3-way 
interaction between ageing time, display time and rigor temperature. h increased linearly with 
display time (figure 3.16).  
 
Superscripts not added to avoid clustered presentation. 
Figure 3.16 Predicted means of hue angle h values during 7 days of display time for samples from hot boned beef SM 
muscle aged for 3 days (A), 7 days (B), 14 days (C), and 21 days (D). 
3.4.5.6 Colour ratio (630nm/580nm) 
Estimation of myoglobin is important in determining the deterioration of colour in meat 
(Khliji et al., 2010). The change of meat colour due to metmyoglobin formation is measured 
by the ratio of reflectance at 630 nm to 580 nm. Morrissey et al, (2008) found that when the 
ratio (630/580nm) fell below 3.5, consumers perceived that the colour of lamb topside was 
more brown than red and therefore unacceptable. Other research work done by Khliji et al, 
(2010) resulted in a 3.3 threshold for consumer acceptance. 
In the current study, the colour ratio (browning index 630nm/580nm) decreased with ageing 
display time (p < 0.001). The ratio decline in samples aged for 3 days was the slowest (Figure 
3.17A). Samples reached the 3.3 threshold after 5 days of display. The samples aged for 7 
and 14 had a moderate ratio decline (Figure 3.17B and 3.17C). Samples aged for 21 days 
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(figure 3.17D) showed a rapid ratio decline with all rigor temperature treatments reaching 3.3 
thresholds after only 3 days of display time. This suggests that the rate of myoglobin 
oxidation is rapid when meat samples aged for longer periods are exposed to aerobic 
conditions. As a result, there is rapid formation of metmyoglobin increasing the rate of meat 
discolouration as shown by the colour ratio decline.  
 
Superscripts not added to avoid clustered presentation. 
Figure 3.17 Predicted means of colour ratio (630nm/580nm) values during 7 days of display time for samples from 
hot boned beef SM muscle aged for 3 days (A), 7 days (B), 14 days (C), and 21 days (D). 
3.4.5.7 Colour difference (browning indexes 630nm/580nm)  
Colour difference is another important colour quality measuring index. Colour difference 
index represents brown metmyoglobin development in red meat (Strange et al., 1974). Colour 
difference has been reported to have a minimum acceptability threshold of 12.5 (Abril et al., 
2001). Colour difference was affected by rigor temperature, ageing time, and display time (p 
< 0.001). There was a significant effect on the ageing and display time interaction (p = 
0.014).  
Colour difference increased with an increase in rigor temperature (p < 0.001). At higher rigor 
temperatures there is rapid pH fall and lower ultimate pH compared to lower rigor 
temperatures (see pH section 3.4.1.1 above). Myoglobin oxidation decreases with an 







rigor temperatures showed lower colour differences. Colour difference decreased with ageing 
time (p < 0.001) and display time (figures 3.18A-D). This can be attributed to an increased 
browning in meat due to myoglobin oxidation (Abril et al., 2001). Day 21 samples showed 
the fastest rate of decline in colour difference (figure 3.18D); in other words, day 21 samples 
had the least colour stability once exposed to aerobic conditions. 
 
Superscripts not added to avoid clustered presentation. 
Figure 3.18 Predicted means of colour difference (630nm - 580nm) values during 7 days of display time for samples 








3.4.6 Effect of rigor temperature and ageing on lipid oxidative stability, and fatty acid 
profile of hot boned beef SM muscle 
Lipid oxidation is a major deterioration reaction which can lead to a considerable decline in 
meat quality, and subsequently reduced shelf life. Lipid oxidation has also been reported to 
directly affect other meat quality characteristics like colour, flavour and texture (Gray & 
Monahan, 1992). The use of TBARS in tracking secondary lipid oxidation in meat products is 
the most common traditional technique, and lately, 
1
H NMR sourced aliphatic to olefinic and 
diallylmethylene proton ratios for both primary and secondary lipid oxidation analysis in 
plant and meat products are common (Shahidi et al., 1994; Wanasundara, 1993). In the 
current study using TBARS, lipid oxidation values were not affected by rigor temperature (p 
> 0.05). Lipid oxidation was, however, affected by ageing time, display time, interaction 
between ageing time and display time, interaction between ageing time and temperature, and 
interaction between ageing time*display*temperature (all p < 0.01). 
Lipid oxidation of the meat samples aged in vacuum packaging for 3 and 7 days did not have 
a statistical difference as shown in Figure 3.19 (p > 0.05). Lipid oxidation in samples aged for 
14 and 21 days ageing time showed a small increase in TBARS value (p < 0.001). The lipid 
oxidation rapidly increased with 7 days of display time (p < 0.001). The increase in TBARS 
value with ageing and display time can be explained by the depletion of endogenous 
antioxidants with ageing; upon exposure to oxygen/aerobic conditions the meat is rapidly 
oxidised on display (Bekhit et al., 2005; Cheng & Ockerman, 2004; Scanga et al., 2000). 
Samples aged for 14 and 21 days recorded the highest TBARS value after 7 days of display 
time. This was possibly because of the changes in the cellular and tissue structure during 
ageing time. Muscle membrane was able to release the pro-oxidants leading them to interact 
with cellular lipids and increase lipid oxidation (Morrissey et al., 1998). During the ageing 
process there is release of iron from high molecular sources like haemoglobin, myoglobin and 
ferritin. This iron is availed to amino acids and phosphates (made readily available due to cell 
structure disruption with increased ageing) to form chelates which are active lipid oxidation 
catalysts (Decker & Crum, 1993; Monahan, 2000). As the aged beef SM meat was exposed to 
aerobic conditions during display time, it is likely that lipid oxidation became a rapid 
reaction.  
There was also a consistent increase in TBARS values on all meat samples during display 
time; this is likely attributed to free radical formation initiating further lipid oxidation (auto-
oxidation and photosensitised oxidation) due to exposure to aerobic conditions and light. The 
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ageing results were consistent with the results reported by (Ismail et al., 2008) on ageing of 
beef SM (top round) muscle up to 21 days.  
Although rigor temperature did not have a statistically significant effect on lipid oxidation, 
the interaction between ageing time and temperature (Figure 3.19) had an effect (p < 0.05). It 
is interesting to note that samples from a rigor temperature of 15°C aged for 14 and 21 days 
contained the highest TBARS (Figure 3.19, 3.20C and 3.20D). This reflects the industry-wide 
accepted optimal rigor temperature range of 15-18°C. This is the optimal temperature for 
increased proteolysis allowing interaction between reactants and substrates in beef muscle. 
The natural antioxidants in the meat which inhibit lipid oxidation would also have been 
significantly depleted after 7 days ageing , leading to an increase in TBARS values (Yang et 
al., 2002). 
 
(Mean ± SEM, n=6;abc Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.19 Predicted means of lipid oxidation (µg/g) of hot boned beef SM muscle at various rigor temperatures 




Superscripts not added to avoid clustered presentation. 
Figure 3.20 Predicted means of lipid oxidation (µg/g) of hot boned beef SM muscle at various rigor temperatures 
aged for: A - 3 days (initial) and 7 days of display time (end of display); B - 7 days (initial) and 7 days of display time 
(end of display); C - 14 days (initial) and 7 days of display time (end of display); D - 21 days (initial) and 7 days of 
display time (end of display). 
 
(Mean ± SEM, n=6;ab Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.21 Predicted mean TBARS values for each rigor temperature before and after 7 day display time 
interaction. 
At each rigor temperature in figure 3.21, it can be clearly observed that before display time 




(Mean ± SEM, n=6;abcde Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.22 Predicted mean TBARS values for ageing times (3, 7, 14 and 21 days) and display interaction (p < 
0.01).Lipid oxidation increased with significantly with display time. 
3.4.6.1 Lipid oxidation analysis by proton NMR (1H NMR) 
3.1.1.1.1 Aliphatic to diallylmethylene proton ratio (Rad) 
Analysis of the aliphatic to diallylmethylene proton ratio is an important novel method of 
monitoring lipid oxidation for edible fats and oils (Goicoechea & Guillen, 2010; Guillén & 
Ruiz, 2004). The signal at chemical shift 2.9 - 2.6 ppm on the 
1
H NMR spectra (figure 3.23) 
corresponds to diallylmethylene protons (α-methylenic protons in relation to 2 or more 
double bonds) contributed by linoleic and linolenic acyl groups. The importance of this 
chemical shift is that it emanates from a polyunsaturated fatty acid (PUFA). PUFAs are well 
known for their high susceptibility to oxidation (Ladikos & Lougovois, 1990; Morrissey et 
al., 1998). The removal of the hydrogen from a methene carbon is easier in PUFAs, hence 
higher sensitivity to assess early stages of lipid oxidation using Rad .  
In the current study, the aliphatic to diallylmethylene proton ratio (Rad) was not affected by 
rigor temperature (5°C and 25°C) and ageing time (day 7 and 14) (p>0.05). Display time, 
however, did have an effect on Rad (p < 0.05) (figure 3.24). The comparable Rad ratio between 
day 7 and day14 of storage suggest minimal loss of PUFAs thus implying low oxidation in 
vacuum packaging and dark storage, which is expected and consistent with results found by 
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(Han, 2008) on lamb (Bekhit et al., 2005). Rad increased across the display time for both 5°C 
and 25°C aged samples (Figure 3.24). This can again be explained by the exposure of meat to 
aerobic conditions and light that encourage formation of potent free radicals like hydroxyl 
radicals that attack the vulnerable PUFAs to form more fatty acyl radicals (Halliwell & 
Chirico, 1993; Halliwell & Gutteridge, 1986). With more exposure to oxygen and light, the 
fatty acyl radicals would react to form hydroperoxides, fundamental primary oxidation 
products of lipid degradation. The samples aged for 14 days also had a higher Rad ratio after 
the display time. This is possibly due to the depletion of natural antioxidants in the meat and 
the degraded muscle membrane system from the ageing period; these two factors make the 
accessibility of chelates that are responsible for lipid oxidation catalysis much easier (Decker 
& Crum, 1993).The results were in agreement with work done by Saito & Udagawa (1992) 
on the oxidative deterioration of Niboshi, boiled and dried fish meal using the inverse, 
diallylmethylene to aliphatic proton ratio. 
 
Figure 3.23 Integrated regions used in assessing the aliphatic to diallylmethylene (Rad ) and olefinic (Rao ) proton 
ratios from 1H NMR to monitor beef SM lipid oxidation for rigor temperatures 5°C and 25°C, 7 and 14 day aged 




(Mean ± SEM, n=3;ab Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.24 Aliphatic to diallylmethylene proton ratio from 1H NMR for beef SM lipid for rigor temperatures 5°C 
and 25°C, 7 and 14 day aged samples plus (initial) 7 day display time (end).  
3.4.6.1.1 Aliphatic to olefinic proton ratio (Rao) 
The aliphatic to olefinic proton ratio was not affected by rigor temperature and ageing time  
(p > 0.05). Display time did have an effect on Rao (p < 0.05). There was an increase in ratio 
from the end of ageing time (14 days) to the end of display time for 25°C rigor temperature 
samples as illustrated in Figure 3.25. The rest of the samples showed a numerical increase in 
Rao ratio from pre-display to post-display but statistically not significant. The increase in the 
ratio was considerably low compared to the Rad; this is because the olefinic protons are 
attached directly to the double bonded carbons contributed by the oleic acyl group 
(monounsaturated fatty acid, MUFA) which are readily oxidised in comparison to the 





(Mean ± SEM, n=3;abc Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.25 Aliphatic to olefinic proton ratio from 1H NMR for beef SM lipid for rigor temperatures 5°C and 25°C, 7 
and 14 day aged samples plus (initial) 7 day display time (end). 
The olefinic proton moles (Figure 3.26) were affected by display time (p < 0.05); the number 
of olefinic proton moles showed a significant decrease from pre- to post-display time for 
25°C, day 14 samples. This confirmed the loss of unsaturation with ageing and display time. 
As unsaturation decreased due to oxidation, the number of olefinic proton moles decreased 
(Yang et al., 2002). The olefinic proton moles closely followed the trend of Rao ratio, 




(Mean ± SEM, n=3;ab Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 3.26 Olefinic proton moles from 1 H NMR for beef SM lipid for rigor temperatures 5°C and 25°C, 7 and 14 
day aged samples plus (initial) 7 day display time (end). 
3.4.6.2 GC analysis of PUFAs in lipid oxidation 
The PUFAs decreased with ageing and display time as shown in table 3.3. There was a higher 
drop in PUFAs with samples aged 14 days to post-display (end). The high drop supports the 
increase in Rad observed with 
1
H NMR suggesting that the loss of PUFAs is due to lipid 
oxidation. Over the display period samples aged for 7 days with rigor temperature 25°C 
showed a decline in PUFAs from 6.8 to 5.0% (as shown in table 3.3) of total FAME (p < 
0.05). Samples aged 14 days with rigor temperature 5°C showed a 6.7 to 4.1% decline (p < 
0.05); this supports changes observed in the Rad ratios. This also suggests increased primary 
oxidation products and ultimately higher secondary oxidation products as confirmed by 
TBARS values. The PUFA/SFA ratio showed a decline with ageing and display time. This 
decrease further illustrates the loss of the unmodified polyunsaturates with ageing and display 
time under aerobic conditions. 
MUFA decline with ageing and display time was not significant; for instance day 7 / 5°C 
samples showed no significant change (p>0.05) over the display period. This is probably due 
to the low propensity of the monounsaturates to oxidise compared to PUFAs. This also goes 
on to support the findings with Rao ratios showing a low decrease in the ratio with ageing and 




Table 3.3 The distribution of fatty acids in hot boned beef SM muscle exposed to rigor temperatures of 5°C and 25°C, 
aged for 7 and 14 days (initial) and displayed for 7 days (end). 
 7days ageing time 14 days ageing time 
 Pre-display (initial) Post-display (end) Pre-display (initial) Post-display (end) 
Rigor (oC) 5°C 25°C 5°C 25°C 5°C 25°C 5°C 25°C 
SFA 52.2 ± 0.4
ab 52.2 ± 0.5ab 55.6 ± 1.0b 54.9 ± 0.9 bc 53.4 ± 1.9ab 53.3 ± 1.2ab 56.6 ± 1.9c 55.9 ± 2.1bc 
MUFA 40.3 ± 0.4
a 41.0 ± 0.8a 38.8 ± 0.6ab 40.1 ± 1.0b 39.9 ± 0.9a 41.0 ± 1.2a 39.4 ± 0.9ab 40.5 ± 1.3b 
PUFA 7.5 ± 0.2
c 6.8 ± 0.6c 5.5 ± 0.9b 5.0 ± 0.9ab 6.7 ± 0.8cd 5.7 ± 0.7cd 4.1 ± 0.6ab 3.7 ± 0.9a 
PUFA/SFA 0.14
cd 0.13cd 0.09b 0.09ab 0.12bc 0.11c 0.07a 0.06a 
Mean ± SEM, n = 3 
abcd 
Values with different superscript letters within a row are significantly 





The outcome of this study shows that rigor temperature can be manipulated to hasten the 
glycolysis process in hot boned beef SM muscle without overly compromising some of the 
meat quality characteristics such as tenderness, colour, purge loss and cooking loss. Ageing 
time also improved the tenderness of meat, lightness and redness colour. These qualities are 
the most important meat attributes to consumers. In the present study, lipid oxidation was not 
affected by rigor temperature manipulations. Changes in PUFAs over ageing and mainly 
display time were observed by GC–FID and Rad ratios. The GC-FID data and Rao also 
provided concise information on MUFAs, which were not affected by the ageing time. The 
changes showed ageing of meat for both 7 and 14 days did not induce considerable oxidative 
quality deterioration. The display time increased the lipid oxidation especially for samples 
aged for 14 days. Display time negatively impacted meat quality with drops in colour quality 
attributes and increased lipid oxidation as shown by the gradual TBARS, Rad .increases. 
1
H NMR was a useful non-destructive technique to monitor oxidation in meat during the 
ageing and display storage times. The process was rapid and did not require much sample 
manipulation; as such the industry can apply the technique to monitor lipid oxidation. This 





4 Effect of rigor temperature, ageing and display time on the stability of 
conjugated linoleic acid and cholesterol in hot boned beef muscles 
4.1 Introduction 
In the previous chapter the focus was on the quality attributes of hot boned beef SM muscle 
and how they were affected by rigor temperature, ageing and display time. These factors are 
important to assess as they resemble the timeframes of meat processing and supermarket 
display before purchase.  
In this chapter the first objective was to investigate the effect of rigor temperature (5 and 
25
o
C), ageing time (7 and 14 days) and display time (7 days) on the stability of components 
with potential nutritional benefits, such as conjugated linoleic acid (CLA). Meat and its 
subsequent products have been reported to contribute up to 25-30% of total dietary CLA 
intake in the Western world (Schmid et al., 2006). CLAs have received a lot of attention due 
to their potential health benefits; cancer, cardiovascular disease, immune system and bone 
health, to name a few (Manzano Maria et al., 2010) (French et al., 2000; Pariza et al., 2001). 
As part of the nutritional profile of meat, the second objective of this study was to investigate 
the effect of rigor temperature (5 and 25
o
C), ageing time (7 and 14 days) and display time (7 
days) on the cholesterol oxidative stability of hot boned SM muscle. The cholesterol 
molecule has a double bond in its structure and as such is vulnerable to oxidation; this leads 
to formation of oxysterols, commonly known as cholesterol oxidation products (Boselli et al., 
2009; Chizzolini et al., 1999; Vicente et al., 2012). Although steroidal cholesterol is an 
essential metabolite required for important biological functions in live animals, it is the 
oxidation products of cholesterol in meat that have been reported to be involved in several 
chronic and degenerative diseases (Lercker et al., 2002; Schroepfer Jr, 2000). Figure 4.1 










4.2.1 Reagents and chemicals 
Chemicals and reagents were all of analytical grade. Cholesterol and cholesterol oxide 
standards of cholesterol (5-cholesten-3β-ol), 5α-cholestane, 6-ketocholesterol (5αcholestan-
3β-ol-6-one), α-epoxide (5α, 6α-epoxycholestan-3β-ol), β-epoxide (5β, 6β-epoxycholestan-
3β-ol) and 20α-hydroxycholesterol were from Sigma Aldrich Inc. (St Louis, Missouri, USA).  
Potassium hydroxide was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
Butylated hydroxytoluene (BHT), Celite 545, Dicalcium phosphate dehydrate 
(CAHPO4.2H2O), pyridine, combination of BSTFA (N,O-bis(trismethylsilyl) 
trifluoroacetamide) and TMCS (trimethylchlorosilane) (BSTFA+ 1% TMCS), and 1,4-
dioxane were also purchased from Sigma Aldrich Inc. (St Louis, Missouri, USA). Methanol 
and diethyl ether were from Riedel-de Haen, Seelze, Germany. Trichloromethane, sulphuric 
acid, hydrochloric acid (32%), hexane, ethyl acetate, and acetone were from Fisher Scientific 





4.3.1 Lipid extraction for CLAs analysis using 1H NMR  
Aliquots of 50 g of beef SM muscle samples were freeze dried for 48 h and ground using a 
coffee grinder. These ground samples were placed in 250 mL Schott bottles and 100 mL of 
trichloromethane (2:1 v/w wet weight) was added. The samples were placed in a shaking 
incubator at 20°C and 150 rpm for 12 h. The mixture was filtered through Whatman filter 
paper number 1. The residue was rinsed with 20 mL of trichloromethane and the filtrate was 
transferred into a rotary flask. Solvent removal (trichloromethane) was performed by rotary 
evaporation (VacuuBrand GMBH + Co KG, Werthiem Germany) under vacuum at 30°C. 
The lipid extracts were transferred into 6 mL vials, sealed and placed in a 20°C freezer until 
1
H NMR analysis (within 2 weeks).
1
H NMR CLA identification and quantitative 
measurements.  
Modifications of the methods of Prema et al. (2013) and Manzano Maria, Colnago et al. 
(2010) were used to analyse CLA levels in beef lipid. The 
1
H NMR spectra were acquired 
using a Bruker Avance 400 MHz spectrometer (Palo Alto, CA) with a magnet of 9.4T; CDCl3 
was used as the solvent and the residual protons as internal reference (7.26 ppm). Spectra 
were obtained at 25°C with a spectral window of 9.50 to 0.00 ppm, 80° pulse width, 65536 
data points, 128 scans at a spectral width of 6400 Hz, relaxation delay of 1.4 s and acquisition 
time 2 s. An exponential line broadening, automatic phase and base correction were applied 
to each spectrum. 
For quantitative analysis, a known quantity of 1,4-dioxane (C4H8O2) (2 µL/mL) was added as 
an internal standard to 650 µL of CDCl3 in each NMR tube with the beef lipid. The 
conjugated linoleic acid concentrations in the samples were quantitated by averaging the 
integrated areas at 6.28 and 5.92 ppm as normalised to the single methylene signal of the 
internal standard at 3.70 ppm. The CLA content (mg/g beef lipid) in each sample was 

















Where Icla  is the integrated average area for chemical shifts for CLA peaks z and b , 
IDioxane  is the signal area for internal standard 1,4dioxane,  
Hcla is the number of protons of the CLA signal(1H),   
HDioxane is the number of protons for 1,4 dioxane methylene, 
MWcla is the molecular weight of CLA triglyceride (879.4 g/mol),   
MWDioxane is the molecular weight of 1,4 dioxane (88.11 g/mol),  
Mis is the mass of internal standard in tube (1.339 mg) and  
MBl is the mass of beef lipid in the NMR tube (g). 
It is important to consider the high possibility of 3 CLA groups esterifying on the same 
glycerol moiety (Prema et al., 2013). The molecular weight of CLA triglycerides reflects the 
maximum number of CLA that can attach to the glycerol (Barison et al., 2010; Schripsema, 
2008).  
4.3.2 Fatty acid methyl esterification (FAME) of lipid from beef semimembranosus 
muscle and GC-FID analysis 
The analyses were carried out as described in sections 3.3.11. In addition, a pure standard of 
cis-9, trans-11 CLA was esterified under the same conditions as the beef lipid samples and 
run through the same GC-FID protocol to determine the elution time. 
4.3.3 Lipid extraction for analysis of cholesterol stability 
Lipids were extracted from aged samples using a modified Folch et al. (1957) extraction 
method. About 10 grams of meat, BHT (50 µL, 7.2%), 50 mL solution of trichloromethane: 
methanol (2:1 v/v) (Folch solution 1) was added to a 100 mL capped test tube. Samples were 
dispersed using a Polytron at 14000 rpm for 30 seconds. The meat homogenate was set 
overnight and filtered through Whatman filter paper number 1 into a 100 mL cylinder with a 
glass stopper. The residue was washed with 10 mL of solution of trichloromethane: methanol 
(2:1 v/v). A 15 mL volume of 0.90% NaCl solution was added and mixed by vigorous 
shaking. The contents were transferred into a separation funnel, and the cylinder was rinsed 
with 2 mL trichloromethane, methanol and water (3:48:49, Folch solution 2). The washings 
were then added to the separation funnel. The two phases was left to develop, and the bottom 
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layer (trichloromethane layer) carefully siphoned into an evaporation flask. Solvent removal 
(trichloromethane) was performed with a rotary evaporator (VacuuBrand GMBH + Co KG, 
Werthiem Germany) under a warm water bath of 30°C. The dried lipid was dissolved in 
hexane to make 0.1g fat/mL hexane for column chromatography. 
Column chromatography was set up as described by Li et al. (1996) for the preparation of 
cholesterol and its oxidation products. A mixture of silicic acid (100 mesh), Celite 545, and 
CaHPO4.2H2O (10:9:1 v/v/v) in trichloromethane was prepared and packed into a glass 
column with dimensions of 22 mm by 300 mm with cotton wool on the base figure 4.2. 
 
Figure 4.2 Column chromatography to separate and collect cholesterol and its oxidation products from hot boned SM 
muscle lipid. 
The column was washed with 20 ml of solvent 1 (hexane: ethyl acetate, 9:1 v/v). The beef 
lipid sample from above (1 mL) was loaded onto the column. A 4 ml aliquot of solvent 2 
(hexane: ethyl acetate, 4:1 v/v) was run through the column to wash off neutral lipids. After 
completion, 40 mL of solvent 3 (acetone: ethyl acetate: methanol 10:10:1 v/v/v) was passed 
through the column at 1 mL/min flow to elute cholesterol and its oxidation products (COPs) 
which were collected in 50 ml glass vials. The solvent was evaporated using a steady flow of 
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nitrogen. Before loading the next sample, the column was washed with 20 mL of methanol to 
wash of remaining phospholipids. The collected cholesterol and its oxidation products were 
derivatised with 300 µL of pyridine and 100 µL of BSTFA+ 1% TMCS. The samples were 
left to set overnight before GC-FID analysis. 
4.3.3.1 GC-FID analysis 
Cholesterol and its oxidation products were separated using an HP-5 column of 30 m x 320 
µm x 0.25 µm containing 5% phenyl methyl silicon (Hewlett Packard, Avondale, PA). The 
gas chromatographic system consisted of a Hewlett Packard 6890N GC equipped with an 
autosampler (HP7673) and ChemStation integration system (all Hewlett Packard, Avondale, 
PA). The column oven was held at an initial temperature of 180°Cand increased at a rate of 
8°C/min to 260°C. It was then further increased to 280°C at 2°C/min and held for 15 min. 
Both the injector and flame ionization detector ports were at 290°C. Carrier gas flow 
(hydrogen) was maintained at a constant 1.2 ml.min
-1
 flow throughout the temperature 
program. 
Cholesterol and its oxidation product peaks were identified by retention time matching with 
authentic derivatized standards (NuCheck Prep, Elysian, Minnesota and Sigma, St. Louis, 
Missouri). Quantitation of cholesterol and oxidation products were calculated using an 
internal standard, 5α-cholestane, added during sample preparation. 
4.3.4 Statistical analysis  
Data for CLA analysis, cholesterol and oxidation products were tabulated using Microsoft 
excel spreadsheets. Analysis of variance (ANOVA) was carried out using Minitab (version 
16.2.4). The analysis of the samples was carried out in duplicates, and statistically significant 




4.4 Results and discussion 
4.4.1 Effect of rigor temperature, ageing and display time on CLA oxidative stability 
in hot boned beef semimembranosus muscle  
Figure 4.3 displays the 
1
H NMR spectrum of  one beef SM muscle lipid sample with internal 
standard, 1, 4-dioxane. The important signals emanating from protons of conjugated double 
bonds of CLA appear between 6.5 ppm to 5.0 ppm (Manzano Maria et al., 2010; Prema et al., 
2013). The integral peaks on a 
1
H NMR spectrum are directly proportional to the number of 
resonant nuclei, and signals with chemical shifts between 6.28 and 5.93 ppm (peaks a and b 
respectively) are unique to CLAs. These resonances do not overlap with the chemical shifts 
representing other fatty acids (Falch et al., 2004; Igarashi et al., 2000; Prema et al., 2013) 
simplifying quantitation of total CLA content in meat lipid using 
1
H NMR. The chemical 
shift at 3.70 ppm (peak d) was for the methylene proton signal of internal standard 1, 4-
dioxane. It is important to note that the most common CLA isomers trans-10, cis-12 CLA and 
cis-9, trans-11 CLA in beef SM meat have the same chemical shift observed through 
1
H 
NMR analysis. The obtained results therefore refer to the total CLA content in beef SM 
muscle samples (Carvalho et al., 2010). This also applied to GC-FID as all the CLA isomers 




Figure 4.3 1H NMR spectrum for hot boned beef SM muscle lipid extract. The region 6.60-5.98 ppm was enlarged to 
visualize the integrated chemical shifts in analysing CLA concentration in the sample. CLA concentrations were 
obtained by averaging the integrated chemical shifts ( peak a and b) shown above. 
The analysis of CLA concentration in lipid was performed using 
1
H NMR and GC-FID. The 
data from both analytical techniques showed a high correlation (R
2 
= 0.9682, figure 4.4); this 
was expected and also in agreement with results reported by Maria et al. (2010) on beef lipid 




Figure 4.4 Correlation between total concentrations as determined by 1H NMR and GC- FID 
In the present study, CLA stability was not affected by rigor temperature (p > 0.05, figure 
4.5). The ageing time under vacuum packaging from 7 to 14 days ageing and 7 days of 
display time showed no effect on CLA stability (p > 0.05). The concentrations across all the 
samples were in the range 2.1- 4.3 mg of CLA per gram of lipid. Samples exposed to 5°C 
rigor temperature and 7 days ageing recorded a CLA concentration mean of 2.71 mg/g and a 
mean of 2.49 mg/g lipid after display time. The CLA concentrations of samples exposed to 
25°C rigor temperature and 7 day ageing recorded a mean of 2.92 mg/g and 3.13 mg/g lipid 
after the display time. Samples exposed to 5°C rigor temperature and aged for 14 days had 
higher CLA concentration means for display time (2.66 mg/g to 2.82 mg/g lipid). The reverse 
was observed with 25°C rigor temperature samples (2.80-2.64mg/g lipid). These 
concentrations were low compared to findings of Raes et al. (2003) and Shantha et al. (1994) 
on beef who found CLAs ranging from 4.0 to10 mg/g and 5.8 to 6.8 mg/g lipid, respectively. 
The results for the current study were, however, within reported range of CLA content in beef 
by Ma et al., (1999). Many factors can contribute to the reported CLA variations. Adding to 
natural biological variations among animals, CLA variation can be attributed to different 
seasonal, climatic and production systems (e.g. different feeding regimes between countries) 
(Schmid et al., 2006). 
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As earlier noted, CLA concentrations were observed to be stable over the ageing and display 
time (p > 0.05). The lack of change or minimal change in CLA concentrations in aged meat 
experiencing lipid oxidation may be due to the higher stability of CLA compared to other 
PUFAs containing methylene interrupted double bonds; This makes the other PUFAs more 
susceptible to oxidation (Shantha et al., 1994). The oxidative stability of CLAs compared to 
the overall lipid oxidative deterioration (TBARS, Rao, Rad and fatty acid profiles) discussed in 
section 3.4.6, suggests that these oxidative reactions have limited involvement of CLAs 
(Shantha et al., 1994). 
A possible explanation for CLA stability over storage time is their predominant positional 
distribution on the glycerol backbone of the triglyceride molecule (Mir et al., 2004). 
Investigations on positional distribution of CLAs on the triglyceride molecule showed that 
they were mainly esterified at sn-2 position (Mir et al., 2003). Fatty acids esterified at sn-2 
position have been reported to be more stable against oxidation compared to the sn-1, 3 
positions (Mir et al., 2004; Wijesundera et al., 2008). 
The only potential way oxidative reactions could influence the CLA concentrations (and 
likely explain the low mathematical fluctuations observed in 25°C/7 day and 5°C/14 day 
samples, figure 4.5) is the formation of linoleic acid radicals from PUFAs which can be 
converted into CLA by hydrogen donors (Pariza & Ha, 1990). The formation of CLA by 
these chemical reactions would balance out any CLA oxidative loss or breakdown that may 
occur (Shantha, 1993). 
 
(Mean ± SEM, n=3;abc Column bars with different superscripts are significantly different at p <0.05 ) 
Figure 4.5 CLA concentrations in hot boned beef SM muscle lipid determined by 1 H NMR (p > 0.05).  
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4.4.2 Effect of rigor temperature, ageing and display time on cholesterol oxidative 
stability in hot boned beef semimembranosus muscle  
Out of the COPs investigated, 7 α- and β-hydroxycholesterol (7α-β-HC) and 7 
ketocholesterol (7-KC) were the only two positively identified. 20α-hydroxycholesterol (20α-
HC) was not identified due to co-elution with other unidentified cholesterol by-products; α- 
and β- epoxides were not detected. Rigor temperature did not have an effect on the 2 
identified COPs (p < 0.05). As shown in table 4.1, samples vacuum packed and aged for 7 
days did not have any noticeable COPs but after display time, both 5 and 25°C rigor 
temperature samples showed a detectable increase in identified COPs (13.5 and 19.4µg/g 
lipid respectively). Ageing and display time had an effect on the formation of oxysterols (p < 
0.05) increasing their quantities with ageing and display time. 
Table 4.1 COPs identified in hot boned beef SM muscle aged 7 and 14 days (with rigor temperatures 5°C and 25°C) 
(initial) and 7 days of display time (end). 
 
7days post-mortem (µg COPs/g 
lipid) 





Post-display (end) Pre-display (initial) Post-display (end) 
Rigor (oC) 5°C 25°C 5°C 25°C 5°C 25°C 5°C 25°C 
7α-&β HC Nd nd 7.2±0.4
b 10.6±0.8ab 6.2±0.6b 8.4±0.7b 11.8±1.2cd 12.3±1.6d 
7-KC Nd nd 6.3±0.9
a 8.8±0.5ab 6.8±1.5ab 7.8±1.8b 13.5±1.7c 15.6±0.9c 
α-&β-epoxide Nd nd nd nd nd nd Nd nd 
20α-HC Nd nd nd nd nd nd Nd nd 
Total COPs - - 13.5±0.5ab 19.4±0.6b 13.0±1.3a 16.2±1.4b 25.3±1.6c 27.9±1.5c 
Mean ±SD, n = 3. 
a, b,c,d 
Values with different superscripts within a row are significantly different at 
p < 0.05 
The COPs, 7α-β-HC and 7-KC were first identified in samples that had undergone 7 days of 
ageing and 7 days of display time. This may be due to aerobic conditions triggering increased 
production of hydroperoxides from PUFAs. The hydroperoxides are required to initiate more 
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cholesterol oxidation since this reaction process goes through similar free radical mechanism 
to that of PUFAs (Lercker et al., 2002; Sikorski & Kolakowska, 2010).  
The samples aged for 14 days pre-display (only exposed to anaerobic conditions) had lower 
total COPs averages (13.0 and 16.2 µg/g lipid) compared to the post-display samples aged for 
7 days (13.5 and 19.4µg/g lipid). This again, is due to the lack of meat exposure to oxygen 
during the 14 days ageing in vacuum sealed packaging. This highlights the importance of 
packaging conditions and the influence of lipid and cholesterol oxidation processes in meat 
(Du et al., 2001).  
The samples aged for 14 days under vacuum showed an increase in total COPs up to 75% 
after 7 days of display time. The ageing process would have reduced the natural antioxidants 
present in the meat sample increasing lipid oxidation and formation of oxysterols (Ferioli et 
al., 2008). 
Comparing the amount of oxysterols formed in this beef study to other animals (for instance 
with turkey, water buffalo, seafood and pork), one can observe lower COPs levels. This can 
be explained by the low presence of PUFAs in the beef. The PUFA ratios in Chapter 3 ranged 
from 3.7-7.5% across all treatments, whereas turkey meat has been reported to have total 
PUFA as high as 26% (Nam et al., 2001). The high PUFA content promotes cholesterol 
oxidation (Li et al., 1996) resulting in the high total COPs in turkey meat compared to beef in 
the present study.  
These results were consistent with Du et al. (2001) findings; vacuum-packing significantly 
reduced cholesterol oxidation in raw beef. Guardiola et al. (1997) also showed the significant 





4.4.2.1 The effect of rigor temperature, ageing and display time on cholesterol 
concentration 
The second objective for this study was to assess the effect of rigor temperature on 
cholesterol and monitor cholesterol concentration changes with ageing and display time. In 
this study the total cholesterol concentrations across all treatments were overly high, all 
ranging from 60-88mg/100g meat. Previous studies observed lower total cholesterol 
concentrations in beef; Chizzolini et al, (1999) found concentrations ranging from 47-57 
mg/100g meat, and Wheeler et al, (1987) found concentrations of ~63 mg/100g meat). The 
high total cholesterol content may be attributed to natural biological variation (Chizzolini et 
al., 1999; Eichhorn et al., 1986). Cholesterol concentration was not affected by rigor 
temperature (p > 0.05). The cholesterol concentration declined with ageing time (p < 0.01). 
Figure 4.6 shows cholesterol concentrations of 88 mg/100g and 82 mg/100g of meat in 
samples aged for 7 days and incubated at rigor temperatures of 5 and 25
o
C, respectively. In 
samples aged 14 days, the total cholesterol declined to 76 and 78 mg/100g of meat with rigor 
temperatures 5 and 25
o
C, respectively. Cholesterol concentration was affected by display 
time and its interaction with ageing time (p < 0.01).The most significant effect was observed 
in day 14 samples; after display time, up to a 20% decline in cholesterol was observed (see 
figures 4.6 and 4.7). Kregel et al, (1986) also reported cholesterol decline with ageing time in 
ground beef. This decrease was also observed in raw chicken sausages aged for 1 week (18-
25% decline) and 2 weeks (~14-15% decline) (Alina et al., 2012). This decrease in 
cholesterol concentration may be caused by the generation of numerous oxidation products 
and is related to the structure of the unsaturated alcohol containing the double bond prone to 
oxidation (Paniangvait et al., 1995). The decline in cholesterol concentration was higher after 
the display time compared to after ageing. This is caused by oxygen and light exposure 
potentially stimulating scission of cholesterol to form hydroperoxides (ROOH) (Rodriguez-
Estrada et al., 2014). Another cause of the decline in cholesterol may be due to degradative 
enzymatic reactions forming other unidentified primary cholesterol by-products; these will 




(Mean ± SEM, n=3;abc Column bars with different superscripts are significantly different at p <0.05 ) 





Figure 4.7 GC spectra of cholesterol and its oxidation products. A. Sample incubated at 25oC rigor temperature and 







The outcome of this study shows that CLA concentrations were not affected by the 
processing conditions used. The results suggest that higher rigor temperatures may be used to 
hasten rigor mortis in hot boned SM muscle without compromising CLA levels. Ageing did 
not affect CLA stability which is a positive outcome; it means meat can be aged to enhance 
its tenderness without compromising CLA concentrations. Cholesterol stability was not 
affected by rigor temperature however ageing and aerobic display increased the formation of 
oxysterols. The treatments did not form high levels of oxysterols which is a desirable result. 
The considerable decline observed with cholesterol itself, however, requires further research 
to understand enzymatic processes and reactions responsible; the decline was not 





5 General conclusions and recommendations for future work 
5.1 Effect of rigor temperature on eating and keeping qualities of hot boned 
beef SM muscle at varying ageing and display times. 
According to these study findings, rigor temperature manipulation has potential to allow meat 
manufacturers to save on handling and processing costs without losing quality meat attributes 
that consumers value. The tenderness of hot boned SM muscle increased with ageing time. 
The increased tenderness was attributed to the increased proteolysis of muscle proteins with 
ageing meat. Rigor temperature did not affect purge loss, which is a positive attribute; this 
implies that there was no considerable water weight and sarcoplasmic protein loss thus no 
losses of functional properties due to the rigor manipulations. In the current study it was 
shown that lightness of meat increased with increase in rigor temperature; this was possibly 
due to shrinkage of myofibrils as the temperature increased and the release of moisture to the 
sample surface. The meat lightness also increased with ageing times. The increases in meat 
lightness are positive outcomes as consumer preference is for beef with a bright red-pink 
colour. Negative meat lightness results on where observed over the display time in meat aged 
for 3 and 7 days due to the high moisture content that reduced light scattering. There were 
fluctuating increases in lightness for samples aged for 14 and 21 days during their 7 day 
display time. This was due to increased lipid oxidation. Increased lipid oxidation increases 
muscle protein denaturation leading to moisture losses and ultimately higher light scattering. 
The redness a* of SM beef muscle improved with increasing rigor temperature. Both ageing 
and display time parameters had an effect on redness. The redness significantly declined as 
ageing time increased beyond 7 days due to the reduction in natural metmyoglobin reducing 
activity leading to accumulation of metmyoglobin. Redness decreased as display time 
increased because of the exposure to oxygen leading to lipid oxidation in beef samples, 




5.2 Effect of rigor temperature, ageing and display time on lipid oxidative 
stability of hot boned beef semimembranosus muscle.  
According to this study, rigor temperature manipulation can be administered to hasten the 
glycolysis process without encouraging lipid oxidation in beef SM muscle. Ageing and 
display time had an effect on lipid oxidation. Lipid oxidation marginally increased with an 
increase in ageing time. Differences in oxidation between ageing times was small because of 
vacuum packaging. Lipid oxidation increased considerably with display time as the beef 
samples were exposed to oxygen. The aliphatic to diallylmethylene proton ratio Rad and 
aliphatic to olefinic proton ratio Rao were used to monitor the changes in unmodified 
unsaturated fatty acids during ageing and display times. Over display time, PUFA 
significantly decreased due to the removal of a hydrogen from a methylene carbons. A fatty 
acyl radical is formed that reacts with more O2 and further propagates lipid oxidation. 
The use of 
1
H NMR to monitor lipid oxidation during ageing and display time offered rapid 
information feedback; this is a technique with much potential in the meat industry when 
compared to traditional methods. The 
1
H NMR analysis procedure was non-destructive so the 
lipid was recoverable after the sample was run. 
5.3 Effect of rigor temperature, ageing and display time on cholesterol 
oxidative stability of hot boned beef semimembranosus muscle 
Cholesterol oxidative stability was not affected by rigor temperature, however cholesterol 
was affected by ageing and display times. Cholesterol concentration decreased with over 
ageing time. Cholesterol oxidation products (COPs), 7α-&β- hydroxycholesterol (7α-&β-HC) 
and 7- ketocholesterol (7-KC) were positively identified. Several were unidentified due to co-
elution and the absence of authentic reference standards. The COPs were in low 
concentrations. The identified COPs /oxysterols increased in quantity as ageing time 
increased. COP formation further increased with display time. The increase in COPs with 
display time was due to increased lipid oxidation under aerobic conditions. The 





5.4 Effect of rigor temperature, ageing and display time on CLA oxidative 
stability of hot boned beef semimembranosus muscle 
According to this study, conjugated linoleic acid (CLA) stability was not affected by rigor 
temperature. CLA stability was also not affected by ageing and display time. Although CLA 
has two unsaturated double bonds, the predominant position/location of the fatty acid on the 
glycerol backbone is the sn-2 position which is stable to oxidation. The stability of CLA 
during processing and handling has positive nutritional implications. Application of rigor 
temperature and ageing of beef to attain higher tenderness can be done without the expense of 




5.5 Recommendations for future work  
Several experiments can be performed to extend this study. The number of rigor temperature 
treatments were few and the animal pool small in this study. Increasing the sample pool and 
treatments would be recommended. The effect of rigor temperature on a larger pool of 
muscle type would allow comparison of different responses due to variable metabolic 
mechanisms. 
Hydroperoxides are the first or primary by-products of lipid oxidation and are quite unstable. 
They tend to be converted to other secondary by-products. The quantitation of 
hydroperoxides in beef due to lipid oxidation using 
1
H NMR is a potential area for future 
work. 
1
H NMR spectroscopy is able to rapidly quantitate their formation and accurately 
provide information on primary oxidation products. This also applies to cholesterol 
derivatives, such as hydroperoxycholesterol, a primary cholesterol oxidation product, and its 
quantitation is important in assessing the build-up of COPs in meat samples.  
There is a need to quantitate CLAs according to their isomers. The current study looked at the 
total CLA content in hot boned beef SM muscle. This information is important because 
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3 5°C 1A 386.3 9.7 2.51 
3 5°C 2B 519.1 9 1.73 
3 5°C 3D 331 8.7 2.63 
3 5°C 4D 315.1 8.1 2.57 
3 5°C 5A 401.9 7.3 1.82 
3 5°C 6B 368.2 3.8 1.03 
3 15°C 1B 420.3 7.4 1.76 
3 15°C 2C 363.5 5.9 1.62 
3 15°C 3C 381.5 11.1 2.91 
3 15°C 4A 479.9 11.03 2.30 
3 15°C 5B 415.7 7.2 1.73 
3 15°C 6C 456.2 7 1.53 
3 20°C 1C 460.4 10.9 2.37 
3 20°C 2D 372.4 4.1 1.10 
3 20°C 3A 638.6 9.4 1.47 
3 20°C 4B 410.3 9.9 2.41 
3 20°C 5C 552.7 10.5 1.90 
3 20°C 6D 463.2 12.4 2.68 
3 25°C 1D 481.8 9.7 2.01 
3 25°C 2A 574 9.2 1.60 
3 25°C 3B 392.4 7 1.78 
3 25°C 4C 562.2 8.9 1.58 
3 25°C 5D 381.9 7.5 1.96 
3 25°C 6A 568.1 7.5 1.32 
7 5°C 1A 544.3 7.2 1.32 
7 5°C 2B 458.6 12.3 2.68 
7 5°C 3D 253.6 7.5 2.96 
7 5°C 4D 313.2 12.8 4.09 
7 5°C 5A 581.2 5.7 0.98 
7 5°C 6B 529.9 16.6 3.13 
7 15°C 1B 325.1 13.5 4.15 
7 15°C 2C 352.3 6.4 1.82 
7 15°C 3C 324.1 6.1 1.88 
7 15°C 4A 576 16.5 2.86 
7 15°C 5B 321.1 6.3 1.96 
7 15°C 6C 475.1 24.7 5.20 
7 20°C 1C 420 7.7 1.83 
7 20°C 2D 239.6 8.4 3.51 
7 20°C 3A 545.5 10 1.83 
7 20°C 4B 517.2 14.1 2.73 
7 20°C 5C 510.3 20.1 3.94 
7 20°C 6D 579.6 14 2.42 















7 25°C 2A 621.3 21 3.38 
7 25°C 3B 401.1 19.5 4.86 
7 25°C 4C 608.3 22.2 3.65 
7 25°C 5D 303.1 8.9 2.94 
7 25°C 6A 480.2 18.3 3.81 
14 5°C 1A 467.6 16.4 3.51 
14 5°C 2B 384.7 15.2 3.95 
14 5°C 3D 237.8 8 3.36 
14 5°C 4D 351 20 5.70 
14 5°C 5A 388.6 7.6 1.96 
14 5°C 6B 543.3 20.6 3.79 
14 15°C 1B 322.08 21.5 6.68 
14 15°C 2C 417 6.3 1.51 
14 15°C 3C 391.4 16.3 4.16 
14 15°C 4A 396.3 20.7 5.22 
14 15°C 5B 349.5 11.6 3.32 
14 15°C 6C 506.6 19.8 3.91 
14 20°C 1C 462.5 19.8 4.28 
14 20°C 2D 353.6 11.7 3.31 
14 20°C 3A 523.3 11.5 2.20 
14 20°C 4B 392.9 23 5.85 
14 20°C 5C 503.5 21.7 4.31 
14 20°C 6D 455.9 29.4 6.45 
14 25°C 1D 438.6 19.8 4.51 
14 25°C 2A 513.6 17.7 3.45 
14 25°C 3B 401.9 23.9 5.95 
14 25°C 4C 421.6 12.4 2.94 
14 25°C 5D 306.33 8.16 2.66 
14 25°C 6A 549.5 16.7 3.04 
21 5°C 1A 371.6 10.6 2.85 
21 5°C 2B 349.7 21.7 6.21 
21 5°C 3D 255.7 27.8 10.87 
21 5°C 4D 542.5 27 4.98 
21 5°C 5A 439.6 10.2 2.32 
21 5°C 6B 440.1 27.7 6.29 
21 15°C 1B 326.8 29.2 8.94 
21 15°C 2C 346.6 23.3 6.72 
21 15°C 3C 457.6 26.4 5.77 
21 15°C 4A 429.2 18.8 4.38 
21 15°C 5B 422.6 15.9 3.76 
21 15°C 6C 427.9 57.6 13.46 
21 20°C 1C 471.3 42.2 8.95 
21 20°C 2D 260 25.1 9.65 
21 20°C 3A 513.6 21.9 4.26 
21 20°C 4B 466 23.4 5.02 
21 20°C 5C 438 27.6 6.30 
21 20°C 6D 617.9 23.4 3.79 
21 25°C 1D 526.3 36.7 6.97 















21 25°C 3B 433.8 40.9 9.43 
21 25°C 4C 317.1 29.8 9.40 
21 25°C 5D 360.7 31.3 8.68 



















3 5°C 1A 33.03 75.23 4.10 
3 5°C 2B 33.95 93.18 8.40 
3 5°C 3D 32.43 68.75 10.30 
3 5°C 4D 32.55 182.93 6.90 
3 5°C 5A 29.70 125.09 4.60 
3 5°C 6B 29.20 100.16 7.10 
3 15°C 1B 27.81 75.73 8.50 
3 15°C 2C 32.39 109.64 9.20 
3 15°C 3C 32.51 97.17 7.90 
3 15°C 4A 27.50 85.70 11.70 
3 15°C 5B 34.28 70.75 11.40 
3 15°C 6C 36.60 116.62 11.00 
3 20°C 1C 30.86 83.71 12.90 
3 20°C 2D 33.33 86.70 11.00 
3 20°C 3A 30.46 126.09 12.30 
3 20°C 4B 30.86 59.28 12.50 
3 20°C 5C 20.90 49.81 12.60 
3 20°C 6D 36.74 119.11 12.60 
3 25°C 1D 34.98 95.18 12.10 
3 25°C 2A 30.89 102.16 12.60 
3 25°C 3B 31.09 135.06 12.40 
3 25°C 4C 31.14 77.73 12.20 
3 25°C 5D 31.84 97.17 11.70 
3 25°C 6A 33.28 122.10 12.00 
7 5°C 1A 41.64 70.75 10.30 
7 5°C 2B 37.88 113.62 7.20 
7 5°C 3D 33.65 88.70 8.10 
7 5°C 4D 41.40 103.65 10.90 
7 5°C 5A 43.19 74.74 6.10 
7 5°C 6B 41.13 119.11 12.40 
7 15°C 1B 38.56 69.25 12.50 
7 15°C 2C 40.98 73.24 11.30 
7 15°C 3C 38.29 88.20 9.30 
7 15°C 4A 38.51 81.72 12.50 
7 15°C 5B 39.16 63.27 10.00 
7 15°C 6C 38.85 96.67 12.40 
7 20°C 1C 37.35 82.21 12.70 
7 20°C 2D 35.53 83.21 12.60 
7 20°C 3A 40.26 152.02 12.60 
7 20°C 4B 37.93 73.74 12.40 
7 20°C 5C 38.90 63.77 12.80 
7 20°C 6D 42.49 91.69 12.60 
7 25°C 1D 34.30 77.23 12.60 
7 25°C 2A 37.09 90.19 12.80 















7 25°C 4C 37.99 69.75 12.50 
7 25°C 5D 37.62 59.28 12.60 
7 25°C 6A 42.33 97.17 12.80 
14 5°C 1A 39.24 62.27 11.60 
14 5°C 2B 41.30 108.14 7.80 
14 5°C 3D 37.15 105.15 8.40 
14 5°C 4D 36.73 81.22 11.20 
14 5°C 5A 39.34 67.76 5.90 
14 5°C 6B 39.25 64.76 12.80 
14 15°C 1B 30.18 66.76 12.50 
14 15°C 2C 39.52 77.73 7.60 
14 15°C 3C 40.44 89.69 11.30 
14 15°C 4A 36.70 82.21 11.90 
14 15°C 5B 37.08 59.28 9.10 
14 15°C 6C 40.21 80.72 8.90 
14 20°C 1C 37.29 87.70 12.10 
14 20°C 2D 38.66 71.25 11.70 
14 20°C 3A 39.62 100.16 12.00 
14 20°C 4B 39.43 61.77 12.30 
14 20°C 5C 38.16 78.72 12.80 
14 20°C 6D 42.80 97.67 12.60 
14 25°C 1D 38.50 69.25 12.60 
14 25°C 2A 25.67 84.21 12.30 
14 25°C 3B 36.59 91.69 10.10 
14 25°C 4C 38.04 67.26 11.60 
14 25°C 5D 28.28 67.76 12.00 
14 25°C 6A 40.85 58.78 12.30 
21 5°C 1A 39.72 58.78 10.80 
21 5°C 2B 38.24 57.29 10.00 
21 5°C 3D 39.41 59.78 10.50 
21 5°C 4D 36.30 60.28 12.50 
21 5°C 5A 34.08 66.76 8.60 
21 5°C 6B 37.33 56.29 12.00 
21 15°C 1B 36.96 49.81 12.70 
21 15°C 2C 35.57 49.81 10.80 
21 15°C 3C 35.53 57.29 12.70 
21 15°C 4A 40.87 55.29 11.10 
21 15°C 5B 37.99 37.84 12.40 
21 15°C 6C 37.24 50.80 11.70 
21 20°C 1C 36.45 51.30 12.70 
21 20°C 2D 37.63 59.28 12.70 
21 20°C 3A 38.04 97.17 10.70 
21 20°C 4B 38.84 56.79 12.70 
21 20°C 5C 38.66 50.31 11.60 
21 20°C 6D 40.04 58.28 12.80 
21 25°C 1D 37.44 48.81 12.70 
21 25°C 2A 38.01 52.80 12.70 
21 25°C 3B 39.12 59.78 12.60 















21 25°C 5D 39.04 54.79 11.20 











































































































































































































































































































Interaction Plot for µg/g
Data Means
